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SUMMARY

This study investigated the radiation response variability of total dose

degradation of 108A-type operational amplifiers. Complete circuits and breakout

transistors were obtained with wafer and diffusion lot traceability from three

different diffusion lots. Two wafers were obtained with x-y coordinate trace-

ability so that subwafer homogeneity of the radiation response could be examined.

Radiation testing was done using a mobile bias test fixture which con-

tinually applied bias to the devices during irradiation and in between irradiations.

A 6 0 Co source was used for irradiation. All electrical measurements were completed

within 15 minutes after irradiation. Annealing (under bias) was investigated, and

input bias current recovered to approximately one-half the initial irradiated value

after 1000 hours.

The homogeneity results for the three diffusion lots showed that the

variability of the radiation response of devices from a single wafer was comparable

to that of devices from a single diffusion lot. Examination of local variations

in the radiation response at the subwafer level showed that these variations were

almost as large as that of the entire wafer unless the area was confined to a very

small region of the wafer, and subwafer sampling is probably not of value for low

yield devices such as the 108A. Based on these results, diffusion lot traceability

appears to be the optimum level for device identification and sample testing.

Test data from the 108A circuits generally agreed well with data from

V. circuits with looser electrical specifications (i.e., 308A, 108). The degradation

of breakout transistors could also be correlated with circuit degradation from

the same diffusion lots. These devices, which are more abundant than the scarce

108A circuits, can be used as test samples for the 108A devices. This is ex-

.,tremely important for devices like the 108A, where only a small number of devices

from each wafer meet the initial electrical specifications.

A small number of devices-approximately one percent of the total sample-

were found to have abnormally high or low radiation responses. Attempts to cor-

relate this behavior with pre-irradiation electrical data were unsuccessful. Addi-

tional margin must be used in systems designs to allow for such devices.
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Test results for the AMD 108A devices showed that these devices work

satisfactorily at levels above 106 rad(Si). There is some degradation, but no

catastrophic failures occurred. Small sample testing was an effective way of

verifying the hardness level of the three diffusion lots.

Many of the results of this study can be used as a guide in selecting

hardness assurance methods for other linear devices. The information about degra-

dation of the different types of linear transistors is particularly valuable.

There are variations between manufacturing processes and internal design that must

be taken into account, but those results should provide better insight into the

linear circuit hardness assurance problem than the less systematic results from

system users.

2

'' L:



TABLE OF CONTENTS

Section Page

1 INTRODUCTION----------------------- 9

1-1 GENERAL---------------------- 9
1-2 UNITS OF MEASUREMENT- - ---------------- 9

2 BACKGROUND -I--- - -- - --- - --- - --- ---- --- 11

2-1 TOTAL DOSE EFFECTS IN BIPOLAR DEVICES -I- - - --- - -11
2-2 SPECIFIC PROBLEMS FOR LINEAR INTEGRATED CIRCUITS - - - 12

2-2.1 Special Transistor Structures ------- -- 12
2-2.2 Linear Circuit Failure Mechanisms ------- 13

3 TECHNICAL APPROACH ------- ---- ---- ---- --- 16

3-1 OVERALL PROGRAM DESCRIPTION ------- ---- --- 16
3-2 PARTS FABRICATION AND TRACEABILITY ------- ---- 16

3-2.1 Wafer Fabrication ------- ---- ---- 16
3-2.2 Testing and Assembly ------- ---- --- 17
3-2.3 Acknowledgment ------- ----- ----- 20

4 BREAKOUT TRANSISTOR EXPERIMENTS ------- ---- ---- 21

4-1 INTRODUCTION ------- ---- ----- ---- -- 21
4-2 ELECTRICAL CHARACTERISTICS -------- ---- --- 21
4-3 BIAS DEPENDENCE OF TOTAL DOSE DAMAGE ---------- 26
4-4 DAMAGE LINEARITY AND HOMOGENEITY ------- ----- 26

4-4.1 Damage Linearity ------- ---- ----- 26
4-4.2 Damage Homogeneity ------- ----- --- 30

5 ANALYSIS OF THE 108A RADIATION RESPONSE ------- ---- 35

5-1 ELECTRICAL OPERATION ------- ---- ----- -- 35
5-2 RADIATION FAILURE MODES ------- ---- ----- 38

5-2.1 First Stage Current (Il) -------- ---- 38
5-2.2 Input Bias and Input Offset Currents ------ 39
5-2.3 Input Offset Voltage -------- ---- -- 39
5-2.4 Open-Loop Gain ------- ----- ----- 40
5-2.5 Output Drive Current ------- ---- --- 40

. 5-2.6 Slew Rate ------- ---- ---- ---- 40

6 COMPARISON OF WAFER AND DIFFUSION LOT HOMOGENEITY ------ 41

6-1 COMPARISON OF MEAN RESPONSES ------- ----- -- 411 6-2 EFFECT OF ELECTRICAL SPECIFICATIONS ON DEVICE
HARDNESS ------- ----- ---- ---- ---- 45

6-3 HOMOGENEITY RESULTS FOR CIRCUITS -------- ---- 47

3



TABLE OF CONTENTS (Continued)

Section Page

7 X-Y TRACEABILITY RESULTS -------- ----- ---- -- 54

7-1 WAFER GEOMETRY -------- ---- ----- ---- 54
7-2 BREAKOUT TRANSISTOR RESULTS ---- ---- ---- -- 54
7-3 CIRCUIT RESULTS ---- ---- ---- ---- ---- 57

8 ANNEALING EXPERIMENTS ---- ---- ---- ---- ---- 62

8-1 LONG TERM ANNEALING -------- ---- ---- -- 62
8-2 CONSTANT-IRRADIATION TIME EXPERIMENT -------- -- 66

9 EXPERIMENTAL DETAILS -------- ---- ----- ---- 69

9-1 RADIATION SOURCES ---- ---- ---- ---- --- 69
9-2 TEST FIXTURES -------- ---- ---- ----- 69
9-3 ELECTRICAL MEASUREMENTS -------- ---- ---- 71

10 HARDNESS ASSURANCE APPLICATIONS ---- ---- ---- --- 75

1 10-1 INTRODUCTION -------- ----- ---- ----- 75
10-2 APPLICATIONS OF RESULTS ---- ---- ---- ---- 75
10-3 ABNORMAL DEVICES-THE "MAVERICK" PROBLEM -------- 76

11 CONCLUSIONS AND RECOMMENDATIONS ---- ---- ---- --- 79

11-1 CONCLUSIONS ---- ---- ---- ---- ---- -- 79
11-2 RECOMMENDATIONS- - ----------------- 73

12 REFERENCES -------- ---- ----- ---- ----- 81

Appendix

A SAMPLE ELECTRICAL DATA FOR 108-TYPE CIRCUITS --- ----- 83

1' 4



I
LIST OF ILLUSTRATIONS

Figure Page
1 Cross-sections of the four transistor structures

used in linear integrated circuits -------- ---- -- 14

2 Diagram of device fabrication and production flow ------ 18

3 Typical pre-irradiation gain for lateral and
substrate PNP transistors ------- ---- ---- --- 24

4 Delta h FE -1 under forward and reverse bias
conditions during irradiation ------- ----- ---- 27

5 Comparison of damage linearity for the four
types of breakout transistor components ------- ---- 29

6 Breakout transistor damage factors at 2 x 106 rad(Si) ----- 33

7 Complete schematic of the LM-108 ------- ---- ---- 36

8 Simplified schematic used for analysis of the
LM-108 operational amplifier ------- ---- ---- -- 37

9 Change in input offset voltage with total dose -------- 42

10 Change in input bias current with total dose ------- -- 43

11 Change in first stage current with total dose -------- 44

12 Comparison of offset voltage changes for 108A,
108 and 308A devices -------- ---- ---- ----- 46

13 Histogram of input bias current chanqes for
the three diffusion lots ------- ---- ----- --- 48

14 Histogram of offset voltage changes for the
three diffusion lots -------- ---- ---- ----- 49

15 Comparison of abnormal and typical device
responses for wafer 6 ------- ---- ---- ----- 51

16 Comparison of abnormal and typical device
responses for wafer 14 ------- ---- ---- ----- 52

17 Wafer locations of circuits and transistors
from wafer 76 ------- ---- ---- ---- ----- 55

18 Wafer locations of circuits and transistors
from wafer 2 ------- ---- ---- ---- ------ 56

f 5



LIST OF ILLUSTRATIONS (Continued)

Figure Page

19 Subwafer dependence of AhFE for NPN transistors ------- 58

20 Subwafer dependence of AhFE for PNP transistors ------- 58

21 Subwafer dependence of AVos for circuits ------ ---- 59

22 Subwafer dependence of AIB for circuits ------ -- -- 59

23 Subwafer dependence of Ii/I, (initial) for circuits ----- 60

24 Long-term annealing of input bias current ------- --- 64

25 Long-term annealing of offset voltage ------- -- --- 65

26 Annealing ratios of offset voltage, bias current,
and offset current ------ --- -- --- -- --- -- 67

27 AhFE -1 comparison with different radiation rates ------ 68

28 Electrical schematic of circuit test fixture- -------- 70

29 Electrical schematic of transistor test fixture ------- 72

-

6



LIST OF TABLES

Table Page

1 Conversion factors for customary and standard
metric units -------- --- -- --- -- -- -- -- 10

2 Electrical specifications of the 108A-type
op-amps - ------- -- --- -- --- -- --- -- -- 19

3 Wafer history for devices in the homogeneity
study - ------- -- -- --- --- -- -- --- --- 19

4 Transistors available in Al and A3 bonding
patterns -- ---------- -- --- -- --- -- ---- 22

5 Typical electrical parameters of the
* breakout transistors -------- --- -- --- -- --- 22

6 Summary of electrical abnormalities of
breakout transistors -------- --- -- --- -- --- 25

7 Fitted damage parameters for transistors
from the eight wafers -------- -- --- -- --- -- 31

8 AhFE for substrate transistors------ ---------- 34

9 Electrical measurements for 108A circuits ------ -- -- 73

10 Electrical measurements for breakout transistors ------- 74

I

17



p

SECTION 1

INTRODUCTION

1-1 GENERAL.

This report describes the results of a homogeneity study of total dose

degradation of the 108A operational amplifier. The goal of the study was to in-

vestigate variations in total dose behavior at various levels of traceability so

that specific recommendations could be made for testing and controlling linear cir-

cuits which must survive high total dose levels. The study was motivated by the

need of hardened systems for more complete information on hardness variability be-

fore selecting hardness assurance methods and by the special problem of low yield

devices, where individual wafer testing may be impractical.

For the experimental work on this program, special devices were procured

that had the required diffusion lot, wafer and subwafer traceability. The homo-

geneity of the radiation response was determined by comparing the uniformity of the

radiation damage with varying levels of traceability. The variation of initial

electrical parameters was also considered in analyzing the results.

The results of this study provide information about the degradation of

the unique transistor structures used in modern linear integrated circuits which is

applicable to a wide variety of circuit types. This includes the dependence of

total dose damage on biasing, nonlinearity of damage with fluence, and annealing

over time periods of several hundred hours.

In addition, specific hardness assurance methods are discussed for linear

*o integrated circuits, using the I08A results as an example.

1-2 UNITS OF MEASUREMENT.

Metric units are used throughout this report. Absorbed dose is commonly

measured in rad (material) instead of Gray (material) as specified by current pre-

ferred metric units. Table 1 lists the conversion from conventional units to

preferred metric units.

i9



Table 1. Conversion factors for customary

and standard metric units.

To Convert From To Multiply By

rad (material) Gray (material) 1.000 x 10-2

' 1
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SECTION 2

BACKGROUND

'4 2-1 TOTAL DOSE EFFECTS IN BIPOLAR DEVICES.

Total dose degradation of bipolar devices is a complex area of research

that has been studied for many years, primarily using discrete transistors as a

vehicle for study. Although there are no good quantitative models to describe this

degradation, the basic mechanisms which cause gain loss in transistors have been

identified as

1) charge accumulation within the SiO 2 layer

2) creation of interface states at the Si-SiO 2 interface

3) charge accumulation of the SiO 2 surface ("Telstar effect") caused

by collection of positive ions on the surface.

The magnitude of these effects depends upo,! the physical construction of the device

and on the processing steps used, particularly those that affect the Si-Si0 2 inter-

face. The interface-state density following irradiation also depends on the bias

conditions during irradiation (maximum reverse bias is generally a worst-case

condition).

Total dose damage in transistors is usually larger at low measurement

currents because the initial base current is lower, and therefore the relative

effect of an increase in surface recombination current is greater at low currents.

This is particularly significant for the input stages of linear circuits, which use

transistors that are operated at low current densities. Although the change in

h F I is often used to describe total dose damage, this parameter is usually non-

linear with total dose, saturating at higher doses, and varying in magnitude be-

tween different units of the same device type. It is important to remember that
-AhFE-I is not fundamentally related to internal mechanisms that control gain forAhFE -l

total dose degradation (unlike neutron damage where AhFE is expected to be linear

with neutron fluence). In order to empirically characterize total dose damage, it

is necessary to measure AhFE -l at several doses and operating currents. The

biasing conditions during irradiaticn must also be specified, and should approximate

actual use conditions.



Because of the dependence of total dose damage on processing, better homo-

geneity is expected between devices from the same diffusion lot or wafer. However,

there are no theoretical normalizing factors (such as tB for neutron damage in

transistors), and no procedure other than empirical testing exists for estimating

the variability in total dose response at various traceability levels.

Only limited work has been done on the homogeneity of total dose effects

for discrete transistors. A study done by Boeing in 1972 showed that the total dose

response of wafers from the same diffusion run was not uniform, and concluded that

* sampling tests and traceability are necessary at the wafer level. 1  The Jet Propul-

sion Laboratory recently evaluated lot sample testing for discrete transistors, and

*also concluded that wafer level sampling was necessary for optimum hardness assur-

ance control using lot sample testing.2 In both of these studies, wide differences

in homogeneity occurred between different device types. Because of these dif-

ferences, it is not clear that wafer level traceability is sufficient for all types

of devices. Furthermore, as discussed in the next section, the differences in

construction between linear integrated circuits and discrete transistors limits

the applicability of these results.

2-2 SPECIFIC PROBLEMS FOR LINEAR INTEGRATED CIRCUITS.

The complex design of modern operational amplifiers affects the analysis

and interpretation of total dose degradation. Two factors must be considered:

1) These devices contain special internal components such as super-B

NPN and lateral PNP transistors which are different in construction

from conventional discrete transistors.

2) Because of the circuit design, the degradation of standard external

parameters is difficult to relate to the degradation of internal

transistor hFE'

2-2.1 Special Transistor Structures.

- In order to minimize production costs, most commercial linear designs use

a process that is optimized for NPN transistors. Lateral PNP and substrate PNP

transistors can be produced with this standard process. Although these PNP struc-

tures have low gain and poor frequency response, they can be used in high-performance

linear circuits by using innovative circuit design. For some circuits, such as the

108A, a special high-gain NPN transistor ("super-B" transistor) is produced by

adding a second emitter diffusion that further reduces the base width.

12



Cross-sectional drawings of the four transistor structures are shown in

Figure 1. The relative vertical dimension is highly magnified compared to the hori-

zontal dimension in this figure. Note that the active base region of the lateral

PNP transistor is directly under the surface, and that the surface area of the base

is very large. This makes the lateral PNP inherently quite sensitive to surface

recombination. The vertical PNP base also has a large surface area, which makes

it more sensitive to surface recombination than the NPN structures. The two PNP

structures are expected to be inherently more sensitive to total dose than the NPN

structures because of the large base surface area.

2-2.2 Linear Circuit Failure Mechanisms.

Only limited work has been done to analyze the mechanisms that cause total

dose failure in operational amplifiers. Palkuti, Sivo and Greegor selectively

irradiated different areas of 108-type op-amps, which experimentally established
3

the internal region of the device causing external circuit parameters to fail.
4Stanley and Gauthier used a scanning electron microscope (SEM) irradiation to do a

similar study that included empirical determination of first-stage current source

and output stage failure. However, neither of these studies quantitatively related

external circuit parameters to internal transistor degradation or considered the

effect of variations in internal operating currents and gain margin on circuit

failure. The competing failure mechanisms that are important in degradation of

op-amp input stages are difficult to determine by empirical testing. Circuit

I analysis can be used to determine the effect of statistical variations in operating

currents and gain margin and such an analysis is a necessary complement to test

data.

Hand analysis techniques have been used to determine failure mechanisms

for the 108A after neutron irradiation.5 This study showed the importance of in-

ternal operating currents within the device in establishing gain margins, and demon-

strated that the normal electrical requirements do not adequately control these

.2 margins. The variations in gain and gain degradation were relatively unimportant

compared to the variations in degradation of internal operating currents. The

degradation of internal PNP transistors was quantitatively related to changes in
input offset voltage and internal bias currents, which established the important
failure mechanisms. Competing failure mechanisms for first-stage bias current were

identified using this approach. The results of this work can be extended to the

13
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total dose environment in a straightforward manner, provided the gain degradation of
component transistors is known.

An important conclusion of this study was that because of the dependence
of internal bias currents on gain independent parameters (such as VBE and resistor

matching), the control of internal transistor degradation is not sufficient to con-

trol the behavior of complex linear circuits after irradiation. Large statistical
variations occur in the internal operating currents, and these differences may

dominate the statistics of the radiation behavior unless explicit controls are

added to restrict their variation.

SI
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SECTION 3

TECHNICAL APPROACH

3-1 OVERALL PROGRAM DESCRIPTION.

The homogeneity study was based on 108A type op-amps from three different

diffusion lots, produced by one vendor. Complete circuits and breakout transistors

were procured that had wafer and diffusion lot traceability; in addition, two wafers

had x-y coordinate traceability so that subwafer homogeneity could be examined.

After delivery by the manufacturer, initial electrical tests were made

on all devices. Initial exploratory tests were made on the breakout transistors to

characterize the fluence dependence (linearity) of the damage, investigate the

dependence of damage on bias conditions during irradiation, and determine the effect

of different irradiation time periods on damage. After these exploratory tests,

devices from each wafer were tested with low-injection operating conditions which

approximated the operating conditions within the actual integrated circuit.

The circuits from each wafer were also tested to determine the homogeneity

at various traceability levels. These data were compared with the breakout tran-

sistor results from the same wafers, and the failure mechanisms for the different

types of parametric failures were determined by analysis. A special circuit experi-

ment was also completed to examine annealing of circuit parameters over a 1000 hour

time period.

With the exception of the constant irradiation period experiment, all

devices were irradiated under bias in a Gammacell 220 60Co irradiation cell. A

mobile bias fixture was used to apply bias during irradiation and to allow devices

" to be transported under bias to the measuring instruments. All irradiation and

measurement procedures were fully compliant with Military Specification Method 1019

for total dose irradiation. Further details are described in Section 9 of this

document.

3-2 PARTS FABRICATION AND TRACEABILITY.

3-2.1 Wafer Fabrication.£l
All devices used in this study were fabricated by Advanced Micro Devices

(AMD), Sunnyvale, California, using their standard commercial wafer fabrication

process. AMD was selected because their standard process is much harder than that

16
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of other manufacturers,3 and many space systems use their devices because of superior

radiation tolerance. Their 108A is produced on 5.08 centimeter (2 inch) diameter

wafers which contain approximately 1000 die. In addition, there are three rows of

test transistor patterns that were used to provide special breakout transistors

from each wafer.

Devices were selected from three different diffusion lots, as shown in

the overall fabrication flow of Figure 2. Wafer and diffusion lot traceability was

maintained for all devices throughout the fabrication, assembly and testing. In

addition, x-y coordinate traceability was maintained for both circuits and breakout

transistors for two of the eight wafers. This required serialization of individual

die prior to scribing and assembly. Maintaining this serialization is a major

problem in a standard high-reliability assembly line.

3-2.2 Testing and Assembly.

The wafers were initially probe tested to 108A specifications. This

identified potentially good die at the wafer stage. Probe testing is limited to

room temperature, and the yield of 108A die is much lower when tested over the com-

plete temperature range. However, complete temperature testing can only be done

after packaging. There was no way to ascertain that acceptable yields of 108A de-

vices would be achieved after packaging from wafer probe measurements alone, so

some risk was involved with this approach. Before scribing and dicing, photographs

of each wafer were taken which showed the location of 108A die at the wafer stage.

For the two x-y wafers, these photographs also included individual die locations.

The wafers were then scribed and broken, taking care to retain wafer

identity, and, for the two x-y wafers, individual die locations. At this point,

breakout transistors were separated from the circuits because they were not sub-

jected to burn-in or visual inspection. The individual die were then attached to

headers, bonded, and subjected to visual inspection. Visual inspection criteria

for surface metallization scratches were relaxed; this increased the yield without

- affecting the radiation hardness. After capping, a colored dot system was used to

identify wafers, and the serial numbers of x-y die were scribed on the package.

All circuits were then burned in using the standard 125°C, 168 hour burn-in

procedure.

17
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After burn-in, devices were tested at -550C, 250C and 1250C and catego-

rized as 108A, 108, 308A, 308 or reject devices. The electrical specifications of

these various part classifications are listed in Table 2.

Table 2. Electrical specifications of the 108A-type op-amps.

Parameter Limit (Room Temperature)

Device VOS IB lOS AOL ICC
Type (mV) (nA) (nA) (mA)

108A 0.5 2.0 0.2 80K 0.6

308A 0.5 7.0 1.0 80K 0.8

108 2.0 2.0 0.2 50K 0.6

308 7.5 7.0 1.0 50K 0.8

V = Input Offset Voltage

IB = Input Bias Current

IOS = Input Offset Current

A = Open-Loop Gain (loaded with 10K load resistance)

I = Power Supply Current

A summary of the various wafers is listed in Table 3 below. In order to

protect the interest of AMD, no specific yield information is included in this

document.

Table 3. Wafer history for devices in the homogeneity study.

Diffusion Processing Wafer Radiation
Lot Start Date No. Comments Hardness

A 5-7-78 71

76 x-y Traceability Intermediate

B 7-11-78 2 x-y Traceability
Hardest
Diffusion

6 Lot
16

C 9-12-78 3 Most Sensitive

_ _ _14 Diffusion Lot

19
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SECTION 4

BREAKOUT TRANSISTOR EXPERIMENTS

4-1 INTRODUCTION.

The purposes of the breakout transistors were to provide more basic in-

formation about the internal properties of the integrated circuit structure, to

assist in determining failure mechanisms, and to investigate the linearity of dam-

age for internal transistors. The transistors provide better information about the

bias dependence and linearity of radiation damage than the complete circuit. This

is particularly important because three of the four transistor structures used in

the 108A are sufficiently different from discrete transistors that it is difficult

to estimate their radiation behavior from existing data on conventional discrete

transistors.

All four types of transistors were available in test patterns on AMD 108-

type wafers, but the physical limitation of bonding and packaging made it impossible

to obtain a single package which contained all transistor types. Therefore, two

different bonding patterns 4ere used, which resulted in the two types of test

patterns listed in Table 4. Two different NPN geometries were included, the small

area device used in internal circuitry and the larqe;- area output geometry. The

geometry of the lateral PNP was that of the second-stage transistors; the gain of

these transistors strongly affects the input offset voltage. The super-S transistor

geometry was the same as that of the input transistors. The only available substrate
transistor geometry was the very large output transistor geometry. This transistor

has an emitter area which is approximately seven times greater than that of the

internal substrate transistor used in the first-stage biasing circuitry. For com-

parison the geometries of several other transistors which are important in various

circuit failure modes are also listed in Table 4.

4-2 ELECTRICAL CHARACTERISTICS.

The electrical characteristics of the four breakout transistor types are

of interest, particularly for the unique transistor structure used in linear cir

cuits. Typical electrical parameters for the breakout transistors are listed in

Table 5. The super-s NPN transistors have extremely high initial gains, which are

required in order to meet the input bias current specification of the circuit. The

extremely low breakdown voltage is due to the high nain. The gain of the two PNP
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Table 4. Transistors available in Al and A3 bonding patterns.

Emitter
Bonding *Transistor Ar 108A Circuit
Pattern Designation Description_____Application

QXStandard NPN 3.48x10-5  Standard NPN

Al Q10  Lateral PNP 6.67x10-5  Second-Stage
Transistor

Q9 Vertical (Substrate) PNP 3.1 x10-4  Output Circuit

Q2Super-s NPN l.08x10-5  Input Transistor
A3 Q8Large Area NPN 6.04x10-5  Output Circuit

Q9 Vertical (Substrate) PNP 3.1 xl10 4  Output Circuit

Q2 Vertical (Substrate) PNP 5.43x10-5  First-Stage
Current Source

Q2 Standard NPN 3.48x10-5  Second-Stage
Load

Q1 Lateral PNP (Split 1.3 x 10-4 Current Mirror
Collector)

*See Figure 7 in Section 5.

Table 5. Typical electrical parameters of the breakout transistors.

Transistor VCE FEa C'VCEO
Type [V] 10 uA 100 jj I mA 10 mA [V]

(SalGoer) 10 224 248 261 247 65j

Super-O 2 2090 2160 2170 - 6

NPN

-Lateral PNP -10 69.3 61.0 12.2 - -55

Substrate PNP -10 122 158 160 71 -90

*The sign of IC is positive for NPN devices and negative for PNP devices.
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transistors decreases rapidly with collector current, as shown for the typical de-

vices in Figure 3. The lateral PNP transistors are only used at low currents

(10-50 PA), but the output substrate PNP is required to sink up to 2 mA when the

circuit is loaded, so that it must operate significantly above the peak of the

hFE - IC curve.

From the standpoint of circuit operation, many of the 108A electrical

parameters are more affected by VBE matchinq of transistors and resistor ratios.

Several of the breakout transistors had excessive leakage currents which affected

VBE at the low currents (-l0 NA). These abnormalities would affect the internal

bias currents of a 108A circuit, and would adversely affect the circuit operation

at high temperature. They may also cause unusual radiation failure mechanisms in

108A circuits. The breakout transistors were not burned in, and were only tested

at a single current by the manufacturer. Nevertheless, abnormalities in their elec-

trical behavior provide information about the causes of circuit-to-circuit varia-

tions in electrical behavior of the 108A circuits.

Approximately 15 units of each bonding pattern (see Table 4) were ob-

tained from each wafer. Table 6 contains a summary of the electrical abnormalities

that occurred. These can be divided into four categories: high leakage current,

low breakdown voltage, shorted devices, and open-circuit devices. From the stand-

* point of circuit operation, the most serious problem is leakage current, particularly

in the super-g transistors. High leakage current will aftect the VBE matching

.1 characteristics and change the ratio of the internal current sources. These leakage

currents may introduce new failure mechanisms, which would cause circuits with

leaky internal transistors to respond differently to radiation.

Transistors with low breakdown voltaqe may also introduce new failure

mechanisms, provided that the breakdown voltage is near the applied voltage in

the circuit. Devices with lower avalanche voltages, such as those listed in

Table 6, would cause the circuit to fail electrical specifications. Transistors

with shorted or open circuit conditions would, in general, cause the circuit to

fail electrical specifications and would not introduce new radiation failure

mechanisms.

23



4J

Ln

4-)

1.

4.4

4-1)

4-3

4-)

4-3-o

CL

C)

i -
C~0

LS.-

IF)

24)



Table 6. Summary of electrical abnormalities of breakout transistors.

Number of Abnormal Units [Value]

Diffusion Transistor High Leakage Low Breakdown
Lot Wafer Type Total Current Voltage Short Open

A 71 NPN 2 1 1
Substrate PNP 2 1 [7.6 VI 1
Lateral PNP 1 1

76 NPN 2 1 1
Substrate PNP 2 2
Lateral PNP 1 1
Super- NPN 2 1 [26 mA] 1

B 2 NPN 3 3
Substrate PNP 3 3
Lateral PNP 2 2
Super-s NPN 1 1

5 NPN 1 1
Substrate PNP 3 1 [8.2 V] 2
Lateral PNP 1 1
Super-6 NPN I 1

6 NPN 1 1
Substrate PNP 3 1 [13 mA] 1 [7.4 V] I
Super-s NPN 3 2 [0.3 mA, 0.36 mA] 1

16 NPN 2 1 [9 mA] 1
Substrate PNP 4 1 [1.2 mA*] 2 [8.4 V, 6.8 VI 2
Super-3 NPN 1 1 [1.0 mA]

C 3 Substrate PNP 1 1 [7.4 VI
Lateral PNP 1 1

14 NPN 2 1 [6.8 V] 1
Substrate PNP 1 1 [7.6 V]Lateral PNP 3 1 2

Super-s NPN 1 1 [22 1A]

*This device also had low breakdown voltage.
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4-3 BIAS DEPENDENCE OF TOTAL DOSE DAMAGE.

Total dose effects are usually worst in transistors that are reverse-

biased during radiation. However, the main purpose of the test transistors was to

determine the relative damage of internal transistors in an operating circuit so

that the circuit failure modes could be determined. These transistors are forward-

biased within the circuit during normal operation (except the overload protection

transistors in the output stage). A preliminary experiment was performed with

reverse-biased and forward-biased devices to compare the relative total dose damage

for the two different bias conditions. The forward bias conditions approximated

the biasing of internal transistors in 108A circuits.

As expected, maximum damage occurred in the reverse-biased case. There

were differences in both the slope and the magnitude of Ah FE -1 for the two bias

conditions, as shown in Figure 4. Furthermore, these differences were not con-

sistent between diffusion lots. The data in Figure 4 for the super-s transistor

show a factor of four difference in AhFE - for the two wafers in the forward-biased

case, whereas for the reverse-biased condition, the response of the two wafers was

nearly identical.

It was apparent from these data that differences in the total dose hardness

of devices within an operating circuit would not be accurately characterized by

performing reverse-biased experiments on the breakout transistors. Therefore, it

was decided that homogeneity comparisons should be based on forward-biased experi-

ments on the breakout transistors, using operating currents and voltages that

approximated those of the internal circuit transistors durinq normal operation.

4-4 DAMAGE LINEARITY AND HOMOGENEITY.

4-4.1 Damage Linearity.

The form of the dependence of transistor damage on total dose is ex-

tremely important in system applications. A quantitative description of this

dependence is needed in order to apply data to systems with different radiation

levels. It is also needed to determine system margin and to compare lot sample test

results for hardness assurance. For this study, a quantitative description of
damage is needed in order to compare the radiation hardness of different wafers and
traceability levels. It is also needed to analyze the behavior of the 108A circuit.
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As previously discussed in Section 2-1, total dose damage is usually not linear with

fluence and there are no adequate models to describe the damage quantitatively.

The form of the damage dependence on total dose is usually determined empirically.

Typical dependence of AhFE-l on total dose for the four types of breakout

transistors are shown in the log-log plots of Figure 5. The data for three of these

transistor types fit a straight line with slope less than one (sublinear dependence),

and can be quantitatively described by a DN dependence, where D is the total dose.

For the substrate transistor, the damage is strongly nonlinear, saturating at ap-

proximately 500 Krad(Si). This behavior is more difficult to describe quantitatively.
Howeer he aturtio ofAhF-l

However, the saturation of AhFE occurs at levels well below the level at which

most 108A circuits exhibit serious degradation. Differences in the saturated value

of AhFE -l are very important from the standpoint of circuit parameter degradation,

but the exact form of the AhFE-I - D relation is relatively unimportant because of

the saturation. The damage factor concept is not appropriate for this saturated

behavior.

The fluence dependence of the three transistors which exhibit sublinear

dependence can be fitted to the equation

AhFE -I = C' DN (1)

where N is the slope of the log-log plot and C' is a fitted proportionality con-

stant. Examining the data, substantial differences in N occur between different

devices, so that large differences in the coefficient C' occur even for devices with

comparable values of AhFE-I Because it is difficult to multiply C' and DN without

computational aids, C' is difficult to interpret even though C' and N adequately

characterize the damage dependence.

A more easily interpreted approach consists of first finding the slope

N in equation 1 using a least-squares fit. The effective damage factor at the

lowest fluence is then calculated according to

CFl D D (2)
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Although the actual data at D1 could be used to obtain a damage factor, the least

squares fit yields a coefficient that can be used to calculate AhFE -I at all fluences.

In most cases, CF differs from the actual damage factor at D1 by less than 5 per-

cent. The CFl values directly compare the damage of different transistors at the

lowest fluence. Above this level, the damaqe is sublinear with slope N and can be

calculated from the equation

AhFE- CFl (-N) DN (3)

where D1 is the lowest fluence [5 x 104 rad(Si)].

The reason for using the fitted damage factor at D to compare damage is

that devices from a single wafer usually were closely matched at this level. The

slopes varied substantially, even for devices from the same wafer, which caused

larger variations in Ah FE- at higher fluences.

4-4.2 Damage Homogeneity.

The empirical model used to characterize transistor damage in the previous

section was used to compare the homogeneity of damage between the different wafers

and diffusion lots. Although electrical data were taken at several different cur-

rents, the damage comparison was made only at IC = 10 pA which approximately cor-

responds to the currents of the NPN, super-s and lateral PNP transistors as they

are used within the 108A circuits. The total dose damage is greatest for low cur-

rents, so that this is also a "worst case" condition. As discussed in Section 4-3,

all devices were forward biased during irradiation.

A summary of the total db'se damage results for devices from the eight

wafers is shown in Table 7 using the effective damage factor and slope defined in

equation 2. The coefficient of variation (COV) is defined by the equation

COV (4)
x

where a is the standard deviation and 7 is the mean value of the parameter in
question. The sample size for data in this table was approximately 12* units per

wafer for the two wafers with x-y traceability, and six units per wafer for the

other wafers. The subwafer homogeneity for the x-y wafers is discussed in Section 7.

*For the x-y traceability wafers, 11 units were irradiated from wafer 76 and
13 units from wafer 2.
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Examining these data, all three types of transistors from diffusion lot C

were much more sensitive to total dose than the devices from the other two diffusion

lots. Not only were the mean values of C higher, but the slopes of the h FE
- 1

dependence on total dose were also larger. This causes AhFE -1 at high fluences to

be even larger which is the region where the 108A circuits are most likely to fail.

Figure 6 shows the variability in measured damage factors at 2 x 106 rad(Si), and

clearly shows the increased sensitivity of the transistors from lot C. (The

measured damage factor is defined in equation 1.)

Within a diffusion lot, the damage factors are more tightly grouped, but

there are still substantial differences. Again, meaningful comparisons can only be

made by considering both CFl and N. For example, diffusion lots A and B both have

one wafer with lower CFl values for the NPN transistor. However, these two wafers

both have higher slopes, which reduces the difference in damage factor at the

higher levels near the circuit failure threshold.

The variability of damage factors within a diffusion lot must also be

examined. The range of data in Figure 6 corresponds to +1 standard deviation and

shows that the behavior of devices within a wafer is relatively uniform. Based on

the data, one can conclude that diffusion lot traceability is the optimum control

level for hardness assurance.

The response of the substrate transistor must also be considered. Table 8
lists the mean and coefficient of variation of AhF- I for the substrate transistors

FE
and clearly shows the saturation at higher fluence levels. The coefficient of

variation is relatively low for devices from a single wafer after saturation so that

the gain is relatively uniform at saturation. The saturated values of AhFE range

from approximately 0.04 to 0.08, which correspond to gains of 20 and 12, respectively.

The damage models and homogeneity results discussed in this section

describe linear circuit components that are fabricated with the current AMD process

for the 108A op-amp. There were substantial differences between the different dif-

fusion lots even though they were all fabricated with the same baseline process.

Although the response of transistors from a single wafer was more uniform, there

were still significant differences in the slopes of the hFE -I dependence. The

physical reason for this variation is not understood, and more work needs to be

done to investigate the mechanisms of the fluence dependence.
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Bars show a variation of + a for each wafer.
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Figure 6. Breakout transistor damage factors at 2 x 1O6 rad(Si),
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SECTION 5

ANALYSIS OF THE 108A RADIATION RESPONSE

5-1 ELECTRICAL OPERATION.

Before analyzing the radiation response of the 108A op-amp it is necessary

to understand its electrical operation. Discussions of the electrical and radiation

response will frequently reference the electrical schematic in Figure 7. The normal

NPN transistors in this figure are shown with a rectangular base symbol, while the

super- NPN devices have a conventional single line at the base. Vertical PNP tran-

sistors have their collectors routed directly to the negative supply; all other PNP

structures are lateral PNP transistors.

The circuit can be analyzed more conveniently by referring to the simpli-

fied schematic of Figure 8 which eliminates the details of the various current

sources. First, consider the voltage gain. The first-stage of the 108A provides

high input impedance by using super-B transistors Ql and Q2 at the input. The

nominal value of the current source I, is 6 pA, and the voltage gain of the first

stage is only 2.3. Essentially all of the gain is provided by the second stage,

which consists of lateral PNP transistors Q9 and Q1O- In order to achieve a typical

gain of 100 dB or more in a single stage, extremely high load impedances are re-

quired. For IE = 6 viA, which is the typical value of 1/2 12, the required load

impedance is approximately 107 ohms. The current source loads Q21 and Q22 are inter-

connected to provide an extremely high effective load impedance. The voltage gain

of the circuit is critically dependent on the load impedance.

The output stage consists of a complementary emitter follower connection,

Q18 and Qlg This is driven by emitter follower Q14, which buffers the output stage

from the current source loads of the second stage. Note that a substrate PNP

transistor is used in the lower section of the output stage.

The various current sources in the 108A are important in its operation.

Returning to the complete schematic of Fiqure 7, a reference current is established

by Q23, a field effect transistor (JFET). The close VBE matching of transistors

Q26 and Q29 is used along with resistor ratios to establish the first-stage current

source Ii, which is critically important to the input parameters of the circuit.
Because of the importance of VBE matching, I, is strongly affected by leakage

currents in any of the current source transistors.
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q1

The net current in the first-stage transistors is also affected by sub-

strate transistor Q28 ; its base current substracts from the current II. Initially

this is not a problem, but it is an important failure mechanism after the substrate

transistor degrades. The coupling between the first and second stages occurs

through the lateral PNP transistors in the first stage. The second stage current

depends on the common-base gain (a) of these transistors, and is nominally 2aI1 be-

cause of the resistor ratios.

5-2 RADIATION FAILURE MODES.

The potential failure modes of the 108A op-amp can be analyzed as a func-
tion of the gain of internal transistors that are critical in establishing the

particular failure mode. It should be emphasized that not all of these failure

*i modes occur for the AMD version of the 108A as currently fabricated, but may be

important for 108A devices from other vendors. The relative hardness of the dif-

ferent transistor structures is extremely important in determininq the particular

failure modes. In addition, nonlinearities or saturation of internal transistor

damage may affect the failure modes. The failure modes for various electrical para-

meters will be discussed in detail in the following paragraphs.

The convention below will be used to describe the gain of the various

transistor types:

1 = normal NPN transistor (e.g., hFEI)

1% 2 = super-s NPN transistor

3 = lateral PNP transistor

4 = substrate PNP transistor

The pre- and post-irradiation values will be described by (0) and (D) subscripts

respectively (e.g., hFEI(0), hFEl(D)) , and differences between two parameters after

irradiation will be denoted by the prefix A.

5-2.1 First-Stage Current (I,).

A reference current (ID) within the 108A amplifier is established by the

" JFET, q2 3 " Assuming matched VBE characteristics for the transistors, a numerical

calculation leads to the following relation for the first-stage current 115

SI D - 4)
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where a3 is the common-base gain of the current mirror transistor, Q12 " Assuming

that the JFET current is unchanged by total dose, this current is then affected by

the gain of the two PNP transistor types. In deriving this equation it is assumed

that resistor ratios are constant, and the VBE-Ic characteristics of the four tran-

sistors in the current source circuitry are well matched.

5-2.2 Input Bias and Input Offset Currents.

The input currents are strongly affected by the gain of the input super-a

transistors and can be described by the equation

IB(D) IB(O) -1 '6)

I1(D) ii(O) : AhFE 2  )

where IB is the input bias current and I1 is the current of the internal first stage

current source. This current source decreases significantly with increasing fluence,

and reduces the relative change in the input bias current. Note that devices that

have large decreases in I, will appear to be far harder to radiation, assuming equal

damage factors. It can be very misleading to compare devices on the basis of AIB

data without also considering the effect of I,.

Input offset current is the difference between the bias currents of the

two input transistors. This parameter depends on the mismatch in the gain of the

two input transistors. In most cases, the total dose behavior of the input tran-

sistors is nearly identical, and the relative change in input offset current closely

corresponds to that of input bias current.

5-2.3 Input Offset Voltage.

Because of the low voltage gain of the first stage, the second stage of
the 108A op-amp is equally important in determining the input offset voltage. The

input super-s transistors have lower damage factors than the lateral PNP transistors

in the second stage. The lateral PNP transistors are loaded differently because

- of the transition from differential to single-ended operation at the second stage

output. The difference in loading of the second stage current sources is the

dominant source of radiation-induced offset chanqes in the 108A. The input offset

voltage of the second stage is described by the equation5

_ k T ln FE2) (7)

OS q Icc
I1 c3 + FE2
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where I is the bias current of the first stage, hFE2 is the common-emitter current

gain of the super- transistors which are current loads for the second stage, a3 is

the common-base current gain of the lateral PNP transistors, and ICC is the power

supply current. The super-s gain (hFE2) is the most important parameter in this

equation.

5-2.4 Open-Loop Gain.

A simplified expression for open-loop gain is difficult to obtain. As

discussed in Section 5-1, the gain of the 108A is essentially that of the second

stage and depends on matched current source loads, Q22, Q21 and Q14 (these are all

super-B transistors). The gain will decrease when the two current loads are no

longer closely matched. The gain is affected by output load conditions because of

thermal feedback within the circuit and the change in the current of buffer tran-

sistor Q14 " Gain degradation was relatively unimportant for the AMD devices be-

cause of the relative hardness of the substrate PNP. By the time the gain dropped

to 50K, input offset voltage and input bias current were more than an order of

magnitude beyond their specifications.

5-2.5 Output Drive Current.

The output drive current depends on the gain of the NPN output transistor

when the amplifier operates as a current source, and on the substrate PNP output

transistor when the amplifier operates as a current sink. For neutron damage, the

sink current degradation is a major problem because of the sensitivity of the wide

base PNP. However, the gain of this transistor saturates for the AMD 108A so that

it remains well above the minimum required gain. This mechanism could be important

for devices from other manufacturers.

5-2.6 Slew Rate.

The slew rate is affected by the capacitance between the two compensation

leads. An external compensation capacitor is used for the 108A, with a minimum

value of 30 pF. The maximum current that can charge this capacitor when the ampli-

fier is overdriven is II , the first-stage current source. Slew ratE degradation

tracks the degradation of I1 exactly, within experimental error.
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SECTION 6

COMPARISON OF WAFER AND DIFFUSION LOT HOMOGENEITY

6-1 COMPARISON OF MEAN RESPONSES.

The most important failure mechanisms were those associated with the in-

put parameters. The parameters VOS, IB' and I1 showed the largest changes with

radiation. Slew rate deqradation followed the degradation of I11 as expected. None

of the devices failed the open-loop gain specifications until the input parameters

were well beyond acceptable limits, and the output sink current failure mode was

not important for any of the devices. This is due to the saturation of the sub-

strate transistor gain; the output transistor gain never falls below the minimum

gain required at maximum loading.

The mean responses of these three parameters as a function of total dose

are plotted in Figures 9 through 11. In each case, lot C is far more susceptible

to radiation damage than the other two diffusion lots. The difference in hardness

is greater than that observed for the component transistor results discussed in

Section 4. This occurs because the dependence of these circuit parameters on in-

ternal transistor hFF is not a simple linear dependence, and also because several

different internal transistors contribute to the response mechanisms, as discussed

in Section 5.

Within a single diffusion lot, relatively small differences in the radia-

tion response were observed, which is consistent with the results of the breakout

transistors. Although the Possibility of a single wafer with an abnormal response

cannot be ruled out, these data suqqest that diffusion lot sampling is the optimum

level for hardness assurance lot samnlinq.

Representative data at several radiation levels for circuits from each of

the eight wafers are contained in Appendix A.
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6-2 EFFECT OF ELECTRICAL SPECIFICATIONS ON DEVICE HARDNESS.

One of the motivations for this study was the need to investigate the

feasibility of using "reject" devices that do not meet the electrical specifications

over the entire temperature range as radiation test samples. This 'is important

because the yield of 108A devices is low-so low in fact that, for some wafers, a

small radiation test sample would seriously deplete the number of 108A devices.

Wafer-level testing is not practical in this case unless other devices, such as

308A or 108 circuits, or breakout transistors can be used as test samples.

Careful examination of the radiation data shcwed that only slight dif-

ferences occurred between the device categorization as a 108A, 308A, or 108

circuit and the radiation response. This comparison is limited by the small,

variable number of 108A devices, and it was necessary to combine wafers from the

same diffusion lot in order to increase the number of 108A devices so that a

meaningful comparison could be made. Figure 12 compares AVos for different device

categories from two diffusion lots after exposure to approximately 1.2 Mrad(Si).

The 108A devices from lot C are slightly harder than the 308A devices

from that lot. Although there are approximately equal numbers of 308A and 108

devices from lot C, there were more 108A devices from the harder of the two wafers.

The apparent difference in the 108A radiation response is due to the unequal number

of 108A devices from the two wafers. Within the limits imposed by the small

number of 108A devices, there appears to be no significant difference in the radia-

tion response and the initial device categorization for any of the eight wafers.

The input bias current was also examined for each wafer, and is consistent with

this conclusion. Therefore, commercial fallout parts can be used as radiation test

samples for lot sample testing.

Note however that the major cause of reject devices was failure to operate

within specification at extreme temperatures. There were no consistent differences

in the room temperature specifications of the different circuit categories, and the

electrical parameters of these circuits were closely matched. If consistent dif-

ferences in initial input bias current or internal current source values occurred

between these device categories, this could cause significant differences in the

radiation response. Before using commercial devices as radiation test samples,

their electrical specifications should be compared with those of the high tolerance
devices to make sure that no significant differences occur.
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6-3 HOMOGENEITY RESULTS FOR CIRCUITS.

It is clear from the preceding results for the breakout transistors that

only slight differences occurred between the radiation hardness of wafers from the

same diffusion lot. Therefore, the circuit homogeneity will be examined on a dif-

fusion lot basis. There are difficulties in making quantitative comparisons among

the circuits because of the importance of all four internal transistor types to the

circuit response mechanisms. However, the final test of circuit homogeneity is

the distribution of the key circuit parameters-particularly VOs and IB-after ir-

radiation, and this approach will be used to examine circuit homogeneity.

In order to increase the number of devices beyond the limited number of

108A circuits, the 308A, 108 and 308 devices were included in the homogeneity com-

parison. The results of the previous section have shown that the radiation

response of these devices do not depend on their initial electrical parameters.

The change in input bias current after irradiation to a level of approxi-

mately 2 Mrad(Si) is shown in Figure 13. The data for diffusion lots A and B are

grouped together in the histogram because they had similar responses. The dif-

ferences among the three lots closely follow the relative hardness of the super-s

transistors, as expected. The first-stage current source response is also important.

The range of AI at this level is approximately a factor of 2 within a given dif-

fusion lot. However, one device from diffusion lot C (wafer 14) was substantially

V iharder than the other devices in this group. This device was consistently harder

at all radiation levels, and there were no obvious differences in its initial elec-

trical parameters that would indicate abnormal internal bias currents.

A similar figure for AVos is shown in Figure 14. The increased sensitivity

of diffusion lot C is clearly evident from this figure and the range of AVos for

most of the devices from this diffusion lot is a factor of 2. However, there are

two devices from lot C with much smaller VOs changes. There is also one device

from lot A which has an unusually high change in VOS at this level. Two devices

from lot B had a negative Vos change, which became smaller at higher radiation

levels.
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Clearly the existence of small numbers of devices with extreme changes

in electrical parameters is of great concern to hardened systems. The test data

of these three atypical devices were examined in detail to make sure that the data

are valid, and to determine the mechanisms responsible for their different response

to the radiation environment.

Examining the two hard devices from lot C, one of these devices was the

same unit which exhibited a lower AIB in Figure 13. This device is clearly harder

than the other devices from this lot; both IB and VOS change smoothly with radia-

tion, and are substantially below the changes of the other devices at all levels.

The other device from lot C had a second mechanism that affected VOS at low levels.

This mechanism caused VOS to initially change in a negative direction. At 800

krad(Si), AVos for this unit was -19 mV. Above this level, VOS changed in a more

positive direction, and the reason for the low offset voltage change in Figure 14

is the near cancellation of these two mechanisms. The same mechanism was observed

for the two devices in lot B.

The responses of the three devices which exhibited this negative VOS

change are compared with the mean response of other devices from their respective

wafers in Figures 15 and 16. Note that the initial negative response occurs at

low radiation levels, and appears to saturate. At higher levels, the positive

AVos mechanism identified in Section 5 dominates, causing the offset voltage change

to go through zero. The mechanism that causes this negative response has not been

identified, but may be due to internal transistors with excessive leakage currents.

The more sensitive device from lot A also changed in a smooth way with

increasing radiation levels. There is no evidence of oscillations or experimental

errors that would affect this data. The increased sensitivity of VOS for this de-

vice appears to be valid, and is apparently caused by the same mechanism as the

other devices in that diffusion lot. Since AIB changed in the same way as other

devices from lot A, there is no possibility that the increased offset voltage

sensitivity is due to accidental mixup of the wafer identity of this device.
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During the irradiation, offset voltages were initially measured in the

radiation test fixture, using an external voltmeter. These measurements were made

to provide VOS data immediately after irradiation as a check on annealing. Com-

plete characterization was done a few minutes later using the automated test sys-

tem. Comparison of the VOS data taken in those two independent methods provides

a secondary check on the validity of the data. These measurements were carefully

cross-checked for the three devices with abnormal behavior, and were consistent.

Therefore, one must conclude that these VOS changes are real, and are not due to

experimental difficulties.

These data show that the majority of circuits from a single wafer or

diffusion lot are well behaved in a total dose environment with a relatively nar-

row distribution. However, a small number of devices deviate substantially from

the population majority. Approximately one percent of the devices fit this

category, which is a large enough fraction to seriously affect system hardness.

Fortunately none of the devices failed catastrophically, so that they would work

in many system applications even with the larger radiation response. More work

needs to be done to identify the failure mechanisms and to develop screening

methods to eliminate these devices.

iJ
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SECTION 7

X-Y TRACEABILITY RESULTS

7-1 WAFER GEOMETRY.

As discussed in Section 3, two wafers were obtained with x-y coordinate

traceability in order to study subwafer homogeneity. One wafer, number 76, was

selected from diffusion lot A, and the other, number 2, from diffusion lot B.

These wafers were selected after wafer probing, prior to assembly. Although their

yields were known after probing, there was no way to predict the yield after as-

sembly. Circuits which passed electrical specifications after assembly tended to

be located in random locations on the wafer, so that only limited information about

short range homogeneity could be obtained from the circuits.

These wafers contained three horizontal rows of breakout transistors. For

the x-y study, the entire center row of breakout transistors was assembled, alter-

nating the two bonding patterns. Although a few of the transistors had electrical

abnormalities and were not tested, the breakout transistors provide a nearly con-

tinuous sample across one axis of the wafer. The transistors provide a means of

testing the short term radiation variability that cannot be achieved with the low-

yield circuits, which are located in more random positions.

The wafer locations of circuits and breakout transistors used for the x-y

study are shown in Figures 17 and 18. The devices which appear in subsequent

figures in this section are delineated on these figures, along with the type of

circuit (108A, 308A or 108). All types of circuits were included in the x-y study

in order to obtain maximum information about subwafer homogeneity. The irradiation

and testing procedures used for the wafers with x-y traceability were the same as

those used for the other wafers in the study.

7-2 BREAKOUT TRANSISTOR RESULTS.

There was a marked difference in the local homogeneity of the transistors

from the two wafers with x-y traceability. This occurred for both the pre-

irradiation electrical characteristics and the radiation damage. Systematic varia-

tions were observed for transistors from wafer 2, whereas those of wafer 76 were

relatively uniform across the wafer. The variation with wafer position was most

pronounced for the super-s and substrate PNP transistors. For example, the pre-

irradiation gain of the super-s transistors from wafer 2 ranged from 1800 to 5500

across the wafer, compared to +10 percent variability observed for wafer 76.
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Figures 19 and 20 show the variation of Ah FE-1 with wafer position for

the four types of breakout transistors after exposure to a fluence of approximately
1 Mrad(Si). The radiation-induced damane of the super-3 and substrate transistors

from wafer 2 varied systematically with position, whereas those of wafer 76 were

relatively uniform across the wafer. The maximum differences were approximately

a factor of 3 for the super-s transistor and a factor of 2 for the substrate

transistor. Devices at the extreme edges-16 or 17 die from the wafer center-were

not included, because they often had abnormal pre-irradiation gain. None of the

circuits at the extreme edges were electrically functional for any of the eight

wafers in the study, including the two x-y wafers. The other two transistor types

exhibited more uniform behavior across both wafers. The lateral PNP transistors

were particularly uniform.

There was an inverse correlation between the initial qain of the tran-

sistors and the damage factor. This was particularly evident for the substrate

transistors, which for wafer 2 showed gain variations of 35 percent across the

wafer, with the same systematic variations evident in the total dose damage data.

The initial gain of this transistor is strongly dependent on the epitaxial layer

thickness, which affects the base width, and this may not be uniform for all wafers.

The data on the two x-y wafers demonstrate that wafer homogeneity is not

consistent between different wafers. Although the maximum observed differences in

AhFE are not large, the factor of 2 to 3 in nain degradation will result in much

larger differences in the terminal behavior of 108A circuits, as discussed in

Sections 5 and 6. (A factor of 3 variation in AhFE- of the super-s transistor

causes nearly a factor of 10 difference in the radiation failure threshold.) In

order to reduce this variability, wafer traceability would have to be maintained
over small fractions of the wafer area. The short-range homogeneity is not much

better than the wafer homogeneity unless the die range is restricted to approxi-

mately 10 die. For low-yield devices such as the 108A, very small numbers of cir-

cuits would be obtained from such local areas, limiting the applicability of

subwafer traceability.

7-3 CIRCUIT RESULTS.

The x-y data for the 108-type circuits exhibited the same subwafer

dependence as the breakout transistors. The radiation response of wafer 76 was

relatively uniform with variations in horizontal position, whereas that of wafer 2

varied with position. Figures 21, 22 and 23 show the variation of AVCS, AIB, and
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the fractional remaining first stage current (Ii/Ii(0) as a function of horizontal

position. The exact wafer locations of these circuits are shown in Figures 17 and 18.

The probe yield of circuits from wafer 2 fell to zero just to the left of the center

of the wafer, which limited the horizontal range over which its uniformity could

be evaluated, although breakout transistors were obtained over the entire horizontal

position of the wafer. The data in Figures 21 through 23 show a larger radiation

response for the device at the edge of this yield boundary, although the dif-

ference is not large enough to be significant for most applications. Since the

yield fell to zero to the left of this device, one can conclude that the normal

electrical specifications are effective in limiting such systematic variations

in radiation hardness.

Although not shown, radiation data on circuits with different vertical

wafer locations were similar to the horizontal cross section plotted in Figures

21 through 23. The location of these circuits are shown in Figures 17 and 18.

The devices from wafer 2 exhibited smaller differences in the vertical than in

the horizontal direction, whereas circuits from wafer 76 behaved similarly in

the horizontal and vertical directions.

The x-y traceability results show that subwafer homogeneity is sub-

stantially better than homogeneity over the entire wafer. However, for these

devices the degree of improvement obtained with subwafer traceability is probably

too small to justify the cost and production control problems required. The

short-range homogeneity results show that local test structures on each individual

chip (or the use of adjacent devices as test structures) could be effective in

further reducing the hardness variation of typical devices. As discussed in

Section 10-3, this approach would probably not be effective in controlling the

a suitable electrical screening method would have to be developed. The testing

could be done at probe, or on extra circuit leads provided for this purpose.

It should be noted that the concept of subwafer traceability may be more

compatible with circuit types that have hiqher yield over small areas than the 108A.

This circuit is extremely difficult to fabricate successfully, primarily because of

the combination of tight electrical requirements and wide temperature requirements.

SThe short-range variability of the breakout transistor radiation response would

probably be comparable for other linear devices made by AMD, and can be used as the

basis for evaluating the applicability of subwafer traceability to other circuit
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SECTION 8

ANNEALING EXPERIMENTS

8-1 LONG TERM ANNEALING.

Space systems are usually exposed to ionizing radiation over time periods

which are much longer than those used for simulation studies. Because total dose

damage anneals with time, data from simulation studies may be overly conservative

for space system applications. Unfortunately the annealing results for bipolar

devices are not consistent for different device types and it is difficult to esti-

mate annealing effects unless data are available for the actual devices under con-

sideration. Only limited data are available on annealing effects in modern linear

devices that use several unusual transistor structures (see Section 2).

An annealing experiment was completed which examined circuit annealing

behavior in the time period from 0.15 to 1000 hours after an initial irradiation

to 5 x 106 rad(Si). Bias was applied on these devices during the entire 1000 hours

of the experiment and all annealing occurred at room temperature (22 + 3°C). The

devices were periodically retested to examine the annealing.

The annealing behavior was fitted to the equation

A(parameter)t = A -n (8)

where n is an empirical constant and A is a constant which corresponds to the

largest change in the parameter at t = o. For short times, this can be written as

. A(parameter)t = Ae-n In t - A (1 - n In t + n 2(In t)

so that (I
IA(parameter)t =A(1-n In t) = A 1 2.303 9)

The parameters that changed most significantly with time were IB' 'Os,

and VOS. Only slight change were observed for the parameters AOL, II, and ISINK'

and none of the other measured parameters changed significantly during the annealing

4, experiment.
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Annealing data for IB are shown in Figure 24. These data fit equation 9

reasonably well, and even at 1000 hours the curve does not depart from the straight

line predicted by equation 9 for small t. For AIB the slope of the logarithmic

dependence on time was n = 0.06. Data for 1 S exhibited the same slope, although

there was more scatter in the data points; this is expected because IOS depends on

the difference in the bias currents of the two input parameters, and cannot be

measured with the same accuracy.

The input offset voltage annealing behavior was not as straightforward.

Figure 25 shows the annealing of AV with time. There is an initial increase in

AVos during the first hour, which is inconsistent with the decrease that occurs at

longer times. The reason for this behavior is not completely understood, but

there may be competing mechanisms with different time dependence. One complicating

factor is the temperature dependence of VOS, which shows large increases after

total dose irradiation. Typical preirradiation temperature coefficients for V

are in the range 1-5 pV/°C; after exposure to 5 Mrad(Si) this coefficient increased

to approximately 35 vV/°C, and is large enough to significantly affect the offset

voltage measurements. The internal temperature of the 6 0 Co irradiation cell is

approximately 8'C above ambient temperature, which may account for the low AV0s

values immediately after irradiation.

Another concept which is useful in describing annealing effects is the

annealing ratio (AR). This ratio is defined by

A(parameter)t
AR A(parametert (10)

tref

where t is the time at which the value of the annealing ratio is calculated and

tref is a normalization time (1000 hours for this data). This is similar in con-

cept to the annealing factor used to describe neutron damage in transistors. How-

ever, the annealing ratio is not expected to be the same for different parameters

or different circuit types because the measured parameters do not change linearly

-with total dose, and the gain of the internal transistors is not linearly dependent

on total dose damage. Although it is a useful way to look at annealing, the AR in

a total dose environment is an empirical concept that lacks the fundamental

linearity of the neutron annealing factor.
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The annealing ratios for the parameters VOS, IB and IOS are plotted in

Figure 26. The relative change in IB and I is approximately a factor of 2 duringB Os
the first 1000 hours and is much larger than the change in VOS. These data are

useful in applying component data taken at short times to satellite systems which

may have extremely long irradiation times. However, it should be noted that

annealing effects may be temperature dependent and these data apply only to room

temperature.

8-2 CONSTANT-IRRADIATION TIME EXPERIMENT.

The 60Co irradiation cell has a fixed activity and therefore the total

dose level of exposed devices is varied by changing the time of exposure. The

minimum irradiation time used for any of the devices on this program was 11 minutes

and the maximum time for an incremental fluence level was 2-1/2 hours. In order

to make sure that annealing or charge redistribution did not affect the fluence

dependence of damage, an additional experiment was completed which used a constant

irradiation time of 1000 seconds. Data from this experiment can be compared with

the 60Co irradiation data to determine the effect of the variable irradiation time.

The Boeing Dynamitron was used as a radiation source for this experiment. The

current density of the 2.2 MeV electron beam was adjusted for each radiation level

to give the required dose in the 1000 second time interval.

The results of this experiment were essentially identical to the 60Co

irradiation results for devices from the same wafers, as shown in the data of

Figure 27. Good agreement was obtained for both the damage and the slope of AhFE
-

at the different radiation levels, which demonstrates that annealing effects did

not change the results during the time intervals associated with the irradiation.

Therefore, the varying exposure time of the 6 0Co irradiations does not affect the

fluence dependence.
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A Lot A Constant Dose Rate
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# Lot B Constant Time
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Figure 27. Ah comparison with different radiation rates.
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SECTION 9

EXPERIMENTAL DETAILS

9-1 RADIATION SOURCES.

The radiation source used for all experiments (except the constant-

irradiation period experiment) was a Gammacell 220 6 0 Co irradiation cell. This

cell consists of an annular source, shielded by a lead enclosure, which provides

uniform dose within a cylindrical irradiation cavity. The dimensions of the cavity

are 15 cm in diameter by 20 cm high. At the time of this contract, the activity
4of the cell was approximately 1.3 x 10 rad(Si)/min. An elevator assembly with an

integral timer automatically lowers the experimental assembly into the cavity for

a prescribed time interval. A shielded tube provides access for wiring so that

power may be applied to devices during irradiation.

For the constant-irradiation period experiment, 2.2 MeV electrons from

the Boeing Dynamitron accelerator were used. This is a direct current particle

accelerator which produces a constant flux of electrons; the maximum current is

10 mA in the electron mode. The test devices were located approximately 6 cm from

the primary beam during irradiation.

9-2 TEST FIXTURES.

.A battery-powered mobile bias fixture was used to provide active bias for

the circuits during and after irradiation. The circuits were connected as active!1

amplifiers (Av = 100) with supply voltages of +15 V. Monitor points were provided

so that input offset voltage could be quickly measured after irradiation. This

provided a check on possible fast annealing of radiation damaqe.

Small circuit boards were used to hold the devices during irradiation.

These circuit boards were provided with contacts at each end so that the devices

could be plugged into the electrical test fixture with only momentary interruptions

of bias. The radiation test fixture was designed to hold a maximum of 20 devices.

A schematic diagram of the test fixture card is shown in Figure 28.

A similar test fixture was used for the breakout transistors, but it

held only six devices. The wiring and biasing of the transistors was more com-

plicated because there are three transistors within each package. Initial tests

were done using both reverse and forward bias. A schematic of the test fixture
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is shown in Figure 29. The voltages shown are for moderate forward bias which ap-

proximated the conditions within the active circuit.

9-3 ELECTRICAL MEASUREMENTS.

All electrical measurements were made using a Tektronix 3260 test system.

This is a computer-controlled test system that can make parametric and switching

measurements on integrated circuits. A major feature of the machine is its built

in graphics capability that enables the data for each device to be plotted on-line

during testing. This allows the operator to quickly determine if valid data are

obtained while the device is still in the test socket. Any devices with an ab-

normal response are immediately retested; the result is a much higher quality data

base than that achieved with less interactive test instruments.

For circuit measurements, a special linear test fixture was used which

provides the closed-loop conditions required for linear circuit testing. This test

fixture is fully controlled by the 3260 test system, and can sequence through a

series of measurements in 20 seconds, automatically recording the data.

Some special measurements were made in addition to the normally specified

electrical parameters. These include the first-stage current Il which is of ex-

treme importance in evaluating input degradation, and the output source and sink

currents. The parameters measured for each device are listed in Table 9.

Common-emitter current gain (hFE), forward base-emitter voltage (VBE)

and collector-base leakage current (IcBo) were measured for each of the breakout

transistors using the 3260 test system. These are the parameters that are most

sensitive to radiation damage. On-line plots of hFE vs. IC were made during

testing to detect abnormal behavior. Table 10 lists the electrical conditions

used for gain measurements of the different transistor types.
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Table 9. Electrical measurements for 108A circuits.

Test Conditions

TesVSmbl= +15V, VEE = -15VTest SymbolccE

Input Offset Voltage V

Input Bias Current IB

Input Offset Current IOS

Output Sink Current ISINK VIN = lV, VOUT 0

Output Source Current ISOURCE VIN = +lV, VOUT = 0

Positive Supply Current ICC+

First-Stage Current Source I1I VCOMP = 15V, Measure ICOMP

Positive Slew Rate +Slew Rate Input = -5V to +5V Pulse
Voltage Follower Configuration
Measure 40% to 80% Slope

Negative Slew Rate -Slew Rate Input = +5V to -5V Pulse
Voltage Follower Configuration
Measure 40% to 80% Slope

Open-Loop Gain (Unloaded) AOL (Unloaded) RL =

Open-Loop Gain (Loaded) AOL (Loaded) RL = 10 Ko
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Table 10. Electrical measurements for breakout transistors.

Parameters
Transistor Type Measured Test Conditions

Lateral PNP hFE, VBE VCE -10V, C = 10 vA, 20 PA, 50 pA,

100 PA, 200 PA, 500 PA

ICBO VCB -10

Substrate PNP hFE, VBE VCE (-lOV), IC = 10 viA, 20 vA, 50 VA.
100 pA, 200 PA, 500 PA,

1 mA, 2 mA, 5 mA, 10 mA

ICBO VCB (-lOV)

NPN hFE, VBE VCE = +lOV, IC 10 vA, 20 vA, 50 PA,

100 PA, 200 vA, 500 ,A,

1 mA, 2 mA, 5 mA, 10 mA

ICBO VCB +IOV

- Super-a NPN hFE, VBE VCE +I0V, IC 10 vA, 20 PA, 50 pA,

100 uA, 200 PA, 500 pA,

1 mA, 2 mA, 5 mA

ICB0  V CB :+10V
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SECTION 10

HARDNESS ASSURANCE APPLICATIONS

10-1 INTRODUCTION.

The results of this study are particularly useful for the planning and

implementation of hardness assurance for linear intearated circuits. There are

several basic questions that need to be answered before the optimum combination

.1 of hardness assurance methods can be selected. The most fundamental is that of

device radiation response variability; this establishes the need for hardness

assurance in terms of survivability and the margin between the mean response and

the system radiation level. Other hardness assurance issues include the following:

1) Sampling methods.

2) Selection and interpretation of electrical parameters.

3) Use of test patterns.

4) Use of lower grade devices for lot sampling.

5) Electrical screens.

6) Effectiveness of controls at the manufacturing level.

7) Radiation testing methods.

10-2 APPLICATIONS OF RESULTS.

The circuit and breakout transistor test results show that most devices

from either a wafer or diffusion lot have variations in damage factor of about a

factor of 2. However, there are small numbers of devices with larger variability.

At present, there is no way to eliminate these devices by screening, so that addi-

tional margin must be used in the system design. Based on these data, margins of

a factor of 10 or more are needed to avoid statistical failures from these devices.

These devices are discussed in more detail in Section 10-3.

The results of this study show that the optimum sampling level is the

-S diffusion lot level. Only slight differences occurred in the hardness of wafers

from a given diffusion lot. However, there is always the possibility that one

wafer may be different because of contamination, variations in starting material,

or processing variations. There were only eight wafers involved in this study.

Furthermore, the difficulties of producing 108A devices with acceptable yield may

result in less variation between wafers because of the extra attention paid to

processing details. Hence, these results may not he typical of every linear device.
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The close agreement between the breakout transistor and circuit results

shows that breakout transistors may be used as suitable test patterns to evaluate

diffusion lot hardness. It is important that irradiations are done in a forward-

biased condition. Lower grade devices (such as 308A or 108 devices) may also be

used for test patterns. This is extremely important for low-yield devices, because

of the limited number of premium grade parts.

The 108A devices provided by AMD had relatively uniform electrical para-

meters. However, previous experience with other 108A devices has shown that

some devices may have extreme values of first-stage current. Because this current

source determines the internal margin of the input circuit, it is a valuable

screening parameter for op-amps used in hardened systems.

Althouqh no explicit controls were placed on the manufacturer, the

variability of these three diffusion lots provides an estimate of the amount of

variability to be expected with standard baseline control methods. These devices

were fabricated over a four-month time period, and represent typical processing

variations from this manufacturer.

The testing results for these devices show that substantial annealing

did not occur over short time periods. Although all measurements were made quickly

after irradiation, this was not necessary for these particular devices. The

temperature coefficient of the input offset voltage increased after irradiation,

which complicated the interpretation of offset voltage data. This must be con-

sidered when developing test methods for lot sample testing.

10-3 ABNORMAL DEVICES-THE "MAVERICK" PROBLEM.

Although this study was not intended to solve the difficult problem of
. identifying screening methods for devices with abnormally hiqh radiation responses

(so called "maverick" devices), the results of the study provide insight into the

probable causes of such behavior. A logical first step in solving the "maverick"

problem is the determination of the failure mechanisms for these abnormal devices.

Once the mechanisms are known, hardness assurance methods can be developed to

eliminate or control these devices.

Abnormal circuit responses could be caused by internal transistors that
have unusually high radiation responses (transistor-related failure) or by circuit-
related mechanisms, such as inadequate gain margins or high leakage currents that
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cause the circuit to have increased radiation sensitivity, even though the radiation

response of the internal transistors is well-behaved. The breakout transistor

results can be used to estimate the relative importance of transistor-related

failures. A total of 120 breakout transistor packages (three transistors per package)

were irradiated from the eight wafers. Although some of the transistors had

electrical abnormalities and were not irradiated*, none of the irradiated devices

exhibited abnormal response. This bounds the failure rate, and, since this fail-

ure rate is much lower than that of the circuits, leads to the conclusion that

the mechanisms for "maverick" behavior are connected with the circuit design, not

the internal components.

The behavior of the circuits lends additional support to this conclusion.

The offset voltage change of several of the abnormal circuits was initially neqative,

but became positive at higher total dose levels. Examples of this behavior are

shown in Figures 15 and 16. Clearly there is an additional mechanism which changes

the radiation response at low levels, and also increases the sensitivity of the

circuit. If one or more of the internal transistors were abnormally sensitive to

radiation, the abnormal radiation response would continue to dominate the circuit

behavior unless the high response saturated at low total dose levels. Since no

hint of such behavior was observed in the radiation tests of breakout transistors,

the logical conclusion is that this response is due to leakage currents or low gain

margins within the circuit.

trligThere are several hardness assurance methods that could be useful in con-

trolling such behavior. These include:

1) Electrical screens, perhaps comparing results at two or more

temperatures.

2) Process controls to eliminate the mechanism.

3) Custom test points which allow direct determination of internal

gain margins, and

4) Irradiate-anneal.

*The breakout transistors were not burned in, and were only tested at one operating

condition by the manufacturer.
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The x-y traceability results show that the radiation response of internal com-

ponents are relatively uniform. The use of adjacent test patterns or test cir-

cuits would not be effective in controlling the "maverick" devices observed in this

study because the mechanism is not abnormal sensitivity of local regions of a

wafer, but isolated circuits which have internal defects. Subwafer traceability

may be effective for other linear circuit processes, but it is not needed for 108A

circuits from this manufacturer, which have adequate subwafer homogeneity in a

radiation environment.

a
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SECTION 11 F

CONCLUSIONS AND RECOMMENDATIONS

li-i CONCLUSIONS.

Although this study was restricted to 108A-type operational amplifiers,

many of the results can be applied to other linear circuits. The data on break-

out transistor gain degradation show the importance of characterizing damage

linearity for all types of internal transistors. The relative damage of these

transistors may be different at different radiation levels because of damage

saturation, which is extremely important when analyzing the mechanisms for degra-

dation of linear integrated circuits. The analysis of the 108A circuit shows that

several possible failure mechanisms do not occur because of saturation of substrate

PNP damage at low levels, and also shows the importance of VBE-IC characteristics

in typical linear integrated circuit designs.

The homogeneity data shows that device traceability must be maintained

at least at the diffusion lot level, and that little advantage is gained by re-

quiring higher levels of traceability for hardness assurance control.

:1 Although this approach is effective in limiting the hardness

r variability of most devices, there are a small number of devices with abnormally

high responses which are not effectively controlled by traditional hardness

assurance methods. Comparing the breakout transistor and circuit results leads

to the conclusion that this behavior is not caused by transistors with unusually
high damage factors, but by high leakage currents or limited gain margin within
the circuit. Similar results would be expected for other linear circuits which

use active current sources and high gain in a single stage.

11-2 RECOMMENDATIONS.

Additional work needs to be done to determine the mechanisms for

"maverick" behavior, since the mechanism must be established before effective

hardness assurance controls can be developed. This is a major problem area for

linear integrated circuits, and because of its random occurrence, cannot be

solved by lot sampling or test pattern techniques.
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The study also showed that potential failure mechanisms may occur which

may not be detected by routine radiation testing. Careful analysis and under-

standing of the circuit requirements is a necessary complement to test data, and

more effort needs to be spent in analyzing the response mechanisms of complex

linear integrated circuits.
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APPENDIX A

SAMPLE ELECTRICAL DATA FOR 108-TYPE CIRCUITS

Sample data for 108-type circuits from the different wafers and diffusion

lots are contained in this appendix. A sample of five devices was arbitrarily

picked for each wafer. The most significant digit of the serial number indicates

the electrical category of the circuit: 1 = 108A, 2 = 108, 3 = 308A, 4 = 308.

Table A-I below summarizes the radiation levels for each wafer.

Table A-1. Radiation levels for each wafer.

Level

Lot Wafer 0 1 2 3 4 5 6 7

B 2* pre-test 150 500 800 1.3 2.0 3.0 <5.0
Krad Krad Krad Mrad Mrad Mrad Mrad

5 4.4
Mrad

6 5.0
Mrad

16

A 71

76*
C 3 1.2 1.8 2.5 -

Mrad Mrad Mrad

14 -

*Wafers with x-y traceability.

The automated test equipment does not include the units of measurement.
The units of measurement are V0S (V), all currents (A), slew rate (V/ps), and gain

(dimensionless). The suffixes used by the test system software printout have the
3 - 9 -12following meanings: M = X 10- , U = X 10-6, N = X 10, P = X 10.
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Level 0

Lot B

Wafer 2
S114 VUS l)6 i b Icc 1

1709D 2uulb0 -6io bbo.op 355.OU 4.6100

171b -27.b5U lub.Sp 870.OP 3b5.00 5.215U~
1720 -29.bU 41050P~ 1.120K 31601Ob 4.686bJ

1737 -.12b.UU -22900P b1b.op 340.1. 4.59SU.

1748 -8.!3U b.U0OP 450P 340.00 4.39.56

MZAN -13.44U 13.70P~ 90.uk 34bUU 4.7400

£ITUOkV 12b.4U 63,91P 122.2p 8.2161' 305,16N

Wafer 5

2511 1,270m 24.5OP b77.OP 315.01' 4.6bSIJ

2tO12 b20.J)u 57.00P bb0.OP 3b~lou 4.7101'

2513 !bt7.!)u 01.00P 553.5P 320).01 4.4001'

2b14 -b05.Uu -b3.002 358~.0p 320.00 5.655U
2515 -1.450M -59.00Pr 300b.02 295.Ou 5.48~5U

ME~AN 201SOU 4.100P 530.9p 323.00 4.9930

STU)06V 11113M, 61.11P 21b.bP 25.64U 539.2N

W~afer 6

1o01 -42U.SU 167,0P 1.245w~ 3bo.uu 4.9100
1b02 119.0IJ 9b.5up ob 0. Ol 36(0.01 4.9000

IOU3 -3U9.bu -b.0002 o.34,0P 3bu.00 5.540U
1b04 42,45U 950 790.02 365.00 4.9900

Ibob -443.50 23.502 66010P~ 335.00 4.7600

ME~AN -;106,4u 05.50P 901.dp 304.00 5.024'

SrUDPv 2o0.3u '17.bbP 2;19l12 16.b10 29S.ON

Wafer 16

.1911 2i49.b0 103.02 OuObN 410.00 4.0200

-39t2 -6s.buu -27.5012 19130N 405.00 4.365U

3913 -153.01' 37u~bP 19375ft 420.UU 5.150U

391'. 415,!5U 80,50P b05.02 406.00 4.7100

391b 1081biU b1.50P d10.02 400.00 4,305U

MEANV 107.40 117,2Ip 1.045N 4OUIO0 4.5100

SioUUV 227.40 154,2P 239.02 7.btl30 43398N
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Level 0

Lot A
Wafer 71

SN VUb IUS Ib Icc 1

3211 -3b9i.su -7b.bop I , Ib(N 440..0U 4.bl50
3211 -24.3uu -19.00p 1.375N~ 445.UU 4.0750
3213 12d,(ou 29.(Jop 9bOUko 45U.OU 3.605U
4214 3t%.75u 59.ucjp 80u 470.Ou 3.6OuU
321S -3 7 2.bu -14.uup 131514 43fj.Ou 4.59()U

MCAN -.119.90 -40UP I .143w~ 1*4-1. cu 4. 29Uj
Si'U0D 235.b~u bi.b7P 21b.bIP 141b30 544.2N

Wafer 76

3U52 I9;. UU 5b *sop 7b0.Op 3bo.ou 3.94U00
subs -5.0OU 71.,bup ub5.OP 310.OU 4.02003Ub4 4bg.bu 10'a.5P I3uup 3bo.uu 3.940s
3Ub4 iJul.bu 400op 7t)5.op 37b.uu 3.b2uU308b) 271S~u 46buop 7,*0.Of 370.Ou 3.630U

MCAN ite7.iu bb6bop 790.u- 37.1.UU 3.I91ouSrUDEV 143.00 23082P 5i4.66P 7.41bu b4.261v

Lot C
Wafer 3

1301 -104.UU bb.0p 1.450N 425.Gju 4.885u
13o2 -5.4oou 30.oop .1.4OOf 400.OU 6.1350

*1304 -24i1.uU 41*UQP 1.ulqoh 430.UU 4.620U
1305 -;i01.bU 20.buP 1.2U5N 415.ou b.ObU

6TVD6Y ib.47U 6b.25P Ibu.3p 11.94U 150.7ti

Wafer 14
S42~U ;e91.0u Jbd,5p 1052514 490.00 5.4b5U

3Cil 35.JOU -209.5P) 3e55uiv 490.00 4.7000
3422 113,uU -90.501 1,9901Yi 460.OU 51235Li
342.4 -150.bU bisuop 1.370N 44b60U 5.55(JU
3424 17,ovu 93050Pl 2.420N 480ooU 5e440U

SrI)IUkV 1bbU 149.91? b74,OP 13.96U 343,21k
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Level 0

Lot B
Wafer 2

SN AUL, Aub(L) SR(+) Sk(-) ISINYK

1709 -11b.4 114.7 70.UM -63.670' 9.650m
1718 -123.1 111.4 7b.OOM -88.87M 9.550M
172u -123. 111.2 ob.(iM -U1.51h 9.3uOF
1731 -11b.b llb.1 70.01M -64.10M S.4b0M
174, 128.8 IU8.4 65.22M -00.00h 9.300M

M6Aw -70.u3 112.3 69.b7M -b3.63M 9.4501
'IODLV 111.2 3.052 3.570M 3.371' 154.1U

Wafer 5

2511 -117.2 116.6 70.27M -05.75M 9.400O
2512 -115.1 17.4 b9.75M -b5.12M 9.400M
2513 -128.3 111.5 67.2bM -82.29M 9.25O
2514 118.b IUb.4 94.24M -113.4M 9.000m
251t 121.3 105.2 S9.b7M -106.8m 8.950m

MEAN -24.15 111.4 78.24M -94.66M 9.200M
STL)uEV 131.6 5,b13 1:.6TM 14.32M 215.1U

Wafer 6
1601 132.3 109.0 71.17M -8b.44M 9.8bUOM

1602 -115.b 115.5 75.b4M -b9.87m 9.8buh!lo -11b.2 11ts.b bb.33M -101.8h 9.500m

1604 -111./ 126.8 '19.27M -95.13m 9.bU00
Ibub -117.3 114.4 70.27m -8 3.79M 9.400m
MEAN -6b.7U 11b.9 7.3bM -91.20m 9.610m

SITVV 110.7 6.662 b.190M 7.37bm 201.2U

Wafer 16
3911 -112.8 111.u bb.9OM -bb.91m 9.mbum
391: "13b.1 10b.7 63.UbM -76,.74 10.05M
3913 -103.* -11Y.1 7b.79M -91.94M 9.300#
391' 111.1 104.2 71.44M -8b.b2M 9.550M
3915 -121.4 110,7 b2.1414 -7b.41M 9.700M

4kAN -74.52 64,90 bbobbM -b0,17m 9.670M
STLu.V 104.5 97.8o 7.913M 10.17m 275.20
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Level 0

Lot A

Wafer 71

3211 -134.1 10.4 64.72M -7b.06M 10.70m
3212 142.9 lob. bb.72M -83.8bM 1O.bSM
3213 139.0 107.4 49.38M -60.33M 11.10A
3214 117.0 104.8 47.54M -58.4bM 11.35k,
3215 123,b 108.6 b3.29M -77.7sM 11.15M

MLAN 7I.b0 107.2 50.73M -71.70M 10.99M
SIDOEV ils.9 1.b5l 9.607M 11.51M 302.9U

Wafer 76

3052 -128.0 112.1 53.u7M -64.68M 10.45M
30b5 -120.1 109.b 55.33m -69.0bM 10.10N
3064 -123.3 110.1 b2.4bM -65.44A 10.35M
3084 -134.3 10b.7 50.37M -62.42A 10.3uM
3UH5 -132.0 108.6 51.23M -b2.07M 10.25M

MEAN -127,b 109.9 52.49M -64.73M 10.29A
SfDvUV b.s6u 1,427 1.903M 2.815M 129.4U

Lot C

Wafer 3

1301 -118.6 111.2 76.54M -95.b7 9.200M
1304 -113,U 11.b9 4.U9M -104.0" 9.bOOh

1303 -122,7 110.6 $2.61M -104.OM 9.400M
1304 -119.3 112.1 bo.21M -9d.51M 9.500M
1305 -117.1 115.2 b3.2bM -102.M 9.70M

ftl AN -118.3 113.2 b1.34M -101.0m 9.460M
bVIVEV 3.49d 2s757 3.049M 3.720m 192.4U

Wafer 14
3420 -114.b 115.7 89.41M -109.7M 10.00m
3421 -115.1 116.1 70,7bM -bb.b6m 9.9500
3422 -117,1 117,2 b3,96M -103.bm 9.700h
3423 -115,9 114,7 "9.41M -19.19 91550M
3424 -117.8 113.2 6b,7b1-106.bA 9900M

MC.AN -11b.1 l1b.4 84.0bM -103.*5 9.820M
STUDEV 1,34U 1,499 7.162M b.645A 189.1U
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Level 1

LotB8
Wafer 2

614 VUS 1us 18 Icc 1

1709 324.5u bb7.bP 3.365N~ 346.00 4.930U171b 1071!)U bb0.o1? 3.2b5N 345.OU 5.2bb0
172u 189.50 164.51? 3000ON 360.00 4.7400
1731 21,4atJU 524.01? 2.9bow 335.0t) 4.b95U
17'*ks b9.5oIJ 391.0p? 2.675wi 3415.1) 4.56000

ME~AN 154.5U 477.4P 3.059N 340.00 4.624USTDV1i. 117,5U 211.9? 2b2.9P 1O.OUU 2bb.3h-

Wafer 5

2511 1.445M 159.5P? 2.950N 305.oii 4.6550
2512 60O.()u 74.0op 3.blorv 350.00 4.71u2513 730.ou -ib.bop 21.345N 305.Ou 4.50SU
2514 -680,01) -97.50p? 1.935N 305.Ou 5.69O0
261b -1.3bom -52.001? 1.770N 285.00 5.52OU

MEAN 187.01) 13050? 2.562N~ 310.00 5.016U
STUDEV 1.162M 103.1p 633,0P 23.91VU 546.2N

Wafer 6
161)1 -262.00 3*710P 3,84014 370.Ou 4.935U1602 27o.bu -3o.sop 39105N 365.OU 495

163 23.6)-aeS00p 4.28ON~ 355.Ou 5.67001604 134u 2d.5suP 2.S1bN 345.11) 511606 -31605U -b7.oup 2.8N 33. 5 .8400

MEAN -82.5UU 52.90p 1984h 354.OU 5lo
S7~~V 25.0 175.2p 613.5P 14.32U 330.jNw

Wafer 16
3911 539.6tJ -80.1)01 2*270N 3b5.00 4.0700
3912 339.bu -l0.50P 2.030N 390.00 4.3700
3913 47.o!su 404.5P? 2.885N 405.00 562HOU
3914 645.00 28.50? 20315rIy 400.00 4,765U
3915 351.b0 7150oup 2o375N 396.00 4,3750

MC.AN 364.b0 b3.501? 21535N4 395.00 4.5120%STUDEV 228.50 186.2? 297.4P 7,906u 466.4N
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Level I

Lot A

Wafer 71
SN Vus 108 jh Icc 11

3211 -117.00 49075N b.90014 425.00 4.7700
3 2141 202,0U 4e190N 7.100N 425.00 4.9100
3213 499.5u -29.70N~ 49040iN 420.00 3.bb5U
3214 4tls5u b4o.op 30115h~ 440.00 3.6050
321b -l19.UuJ 2.74UN 5.795N 40b.Ou 4.7150

Mt.AN 1UU.2U -3.571N 5.39ON 423.00 4,373U
SIODEV 3v1,9u 14.67N 1*75sm 12.55U 593.914

Wafer 76

3052 537,5U 37.OOP 2.lbSNy 37U.OU 3.SbOU
3055 342.00 -33.00p 2.2651Y 355.uu 30960V
3Otb4 745,ou -130.0p 20025N 365.O 3*k19ou

*3084 416.00 1.53uN 2.OOON 365.00 3.8300
3085 638.00 11.OOP 2.030N 366.00 3.7801i

MEAN 547.7U 283.0O? 2.U97N 364.00 3.8680
STDu~v 153.dU 700,0P 113.9P 5.477u 74.631Y

Lot C
Wafer 3

13U1 b92.50 1.b65N 8965ON 400.00 4.6300
1302 760.00 3,920N 12.l10i 365.OU 4.955b

Wafer 14
-3420 102904 4.83UN 12100h4 455.00 b.2600

3421 1.36014 3.245N1 140 0ON 465.00 4.1100
3422 1.3254 5.08514 15.454 420.00 4,695U
31423 995.00 b*3bbN 16.154 430.00 5.040U
3414 190254 4.760N4 12,25N4 450.00 5.175V

14LAN 1.1994 4.86114 13.77tv 444,OU 4.656.U
STDD;v 174.60 1.1101N 1.599N4 16.10 469o4N

89



Level I

Lot B
Wafer 2

Sha AUL, AUL(L) bi<(+) SR(-) ISINK

1709 148.4 l~b.2 70.bbM -d5.44M 8.100m
*/I 120 i~.6 104.5 74.b*/M -90.33M b.000M

*1720 120./ 104.7 66.74M -81.73m b.100m
1737 -128.0b 107o2 70.27M -b4.6CM 7.950A

*174b 116.0 103.9 bb.71m -b0.97m 7.85um1

MEAN 75.4d 106.3 b9.63M -64.61M 8.000h
6iIU)L~V 114.d 1.34b 3.538M 3.709m 106.10

Wafer 5

2511 -130.6 108.2 b8.92M -b3.98M 8.000M
*251k -136.2 106.3 70.03m -85.33M 8.00Om

2513 126.8 106.9 bb.75M -bO.83m 7.900M
2514 113.8 103.0 93.bgM -112.2m 7.70om

*2615 115.4 101.b Sb.41M -10b.4M 7.750M

MEAN 17.!59 105.0 77.b0M -93.75At 7.870M
STUOIKV 137.9 2.660 12.58M 14.44M 139.bU

Wafer 6
1601 11b.5 103.7 70.90m -85.44M 89200M
1602 -131.2 106.7 7b.18M in90.Com 8.1001A
160.3 -119.2 111.5 bb.O1m -101.6m 8.06GMA
1604 -114.2 112.9 79.04m -96.18M 8 .00GMA
16U6 -127.6 107.7 70.u8m -b3.98m 7,950M

MEAN -75.34 108.5 76.24M -91.45A 8.060M

Wafer 16
3911 116.6 103.1 55,33M -67076m b.200M
3$914 11119 101.2 b1.71M -7b.74M 8.45GM.

-3913 -105.3 -130.b 77.20M -93.75m 8.050M
3914 1I./I 100.8i 70.UbM -bb*04M b a15M )i1
391b 119.3 103.5 61,4814 -75074M 8.300m

MLAN 7u,03 !)3.9b 66.314 -80.4114 b.230A
S1Dvh;V 91d.13 107.8 klebsiM 10.384 152.5U
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Level 1

Lot A
Wafer 71

SN AUL AOULb (+k S(-) ISINK

3211 116.2 103.1 64.49M -79.25M 9.15OM
3212 115.1 102.4 bv.ham -u6.42K 9.100%
3213 111.9 101.5 50.20m -63.76A 9.350M
3214 107.3 999b2 48.46M -60.57m 9.550M
321t 112.7 103.8 64.74M -bO.68m 9.500M

MAN b2. 102.1 59.4914 -74.14M 9.330M4
STUOEV 3,427 1.61b 9,5151M 11.31 201.9U

Wafer 76

3052 113.8 103.8 50.90M -64.96M 8.650M
30bt 116.9 102.3 54.28M -69.35M 8.450M
3064 114.6 102.3 b1.2M -65.69M 8.8b00
30b4 113.2 101.7 4b.96M -61.50, 8.bOOh
3085 113.5 102.0 49.29M -62.39M 8.600

MEAN 114.4 102,4 b1.05M -64.78M 8.580M
STUDEV 1.481 b2.4b4 2.151M J.09114 75.830

Lot C
Wafer 3

13u1 104.2 96.51 70,30A -bS.27M 7,250M
1302 102.5 98.21 77.66M -99.40M 7.750m
13u3 102.3 9b,19 15.14 M -96.83M 7.450M
1304 103.3 9b.24 7U,28M, -89.97M 7,400M
130b 104.b 98,14 75.10M -95.844 7.650M

CMAN 103.4 96.bb 73.70M -94.06M 7.500M
STOUV 1.052 b37.bm 3.275M 4.735M 200.OU

Wafer 14
3420 104.4 96.66 79.7U1 -104.0A 7.850M
3421 101.1 94.47 59.41M -78.56 7.70h

- 3422 1011d 9570 *9.0OM -90.93M 7.250M
3423 105.5 96.23 7b.b5SM -99.10M 7.0500
3424 106.2 97.46 77.12M -99.25M 7.750M

MEAN 103.7 96.10 72.59M -94.36M 7.520M4 bTDEV 2.214 1.117 b.245M 91998M 373.5U
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Level 2

Lot B
Wafer 2

Sri Vus lOs lb ICC 11

1709 !o)0*o 423.up- b.450JN 330.uU 4.bb0Li
1718 47oUU 3!)9.5p~ b.330Ni 330.OU 5.155
172U 484,b0 49.60IP b.20UN 335.uo 4.71Ob
1737 2bb.SU 4d'h.5p 5.b6ON 325.uu 4.665U
174s 313.00 149.5P 5.325fo 315.00U 4.4450

MIA 420,00 293.2P o.O45w 327.U0 4,767U
STa)Di.V 125.50 1kb.7P 459.4P 7.583U 262.9hi

Wafer 5

2d~11 1.670Mk 2b$oPoi 5.240N 290.00 4.6100
2b12 1. 190M 188.Op b.450N 345.OU 4.7200
2513 1,040M -149.5P 4.b90iN 290.00 4.4bbU
2514 -47b.50 -92.OUP 4003ON 3(05.00 b.bbou
2515 -1.115M -9s.bOP 3.735w 2b0.00 5.50

MEAN 461.9U 28,20P 4.869N 302.00 5.009U
STUDEV 1.193M 19b.1P 1.076N 25.b4U bbl.3ri

Wafer 6
1601 o3.2uu 1.090N 7.90oN 3b5.00 4,925U
1602 54ulb0 -Ib1.oP b.'150ON 360.00 4.9400
1bu3 1.b5Uu -65,50P b. 05Oi 340.00 5.6060
1604 415.50 -5b50P 5.5b25N 335.00 5.115U
160b -5V*15U -75,0op b.bOON 320.00 4.84b50

Mt.AN 194,50 141.bP b.205N 342.00 b.08bU
S1UUEV ib7,dU 53e.op 11133N 16.05U 306.4h

Wafer 16
3911 780.00 1$.obop 5.075N 31b.OU 4.u3btU
3912 740.00 1'&0.5P 5.9b5h 3bUOU 4.275U
3913 295.5U 4981uP 5gb3uN 39b.00 5.2i75U
3914 1.030M 16.P b.10Ia 390.00 4.7100
3915 b341!)U 2b.bQP 50290N 380.00 4,365U

MLAN b9b.OU 1b9.9P b*40bN 3t041OU 4.532UK; &DEV 2bb.bu 194.6p~ 3560.3P b.k6u 460,8N
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Level 2

Lot A
Wafer *

s Vus I0 l b Icc I1I

3211 172.50 4,lbQN 9.bbON 405.00 4.blbi
3212 i4,0.UU 3.3d5ig 8,750N 415.Ou 4.6000
3211 1100014 27*.OP 6.33UN 420.00 3.3350
32111 10070M 6bO.uP 5,495h 426.00 3.0450

32~ 225.ou 2.4251, 8 .300tv 410.Ou 4.5b5U

MLAkv 691.60 k,160N 79705i 41b.00 4.07iu0
SIVUL~V 4243.10 l.08HN 1.732N 7.90bU b14,9N

Wafer 76

3052 9b1.uu -bbs.0p 4,52ON 340.00 3.435U
30b5 7h0.00 -690.up 4,325N 346.00 3.705U
30b4 1*26614 -30,65NI 4*365N 360V.00 3.390U
30b 4 1.s08614 lbb.Op 4.25ON 366.00 3.43bU
30ki6 1.07014 -88*VUNi 3.9g*6fi 3bo.0L 3.45SU

STUDEV Ib4.d&J 38.09Ni 212911P 7.906U Ik5.bN

Wafer 3

1301 3.145M -6.2101N 20.101% 376.00 3.680b
1302 2.6b014 2.45ON 24.75N 360.OU 4.045U

Lj130.3 1.95614 :i090N ib.10N 3b0.OU 4.QbSJ
1304 3.290M 2 .9061 21.85N 3b5.OU 3.SOL
1305 2,690M4 1:50ON 22.65N 3b0.O0 4.071.

MEAN~ 2,748M 347.OP 22.8914 362.00 3.8720
slrul)Dv b 1 6.3 3,bblN 2.07814 9.uOU3 265.3h4

Wafer 14
3420 3.955m4 2.bbN 24.05N4 420.00 4.5000
3421 4.44bM 3.07614 29.0014 420.00 2,220U

-3422 4.03()M 2.78614 30.0014 390.00 4.0300
3423 3.8151I4s be1b014 31.90N4 390.uU 4.1700
3421* 3,b8614 3.29614 23*75iN 415.00 4.4451i

MLAN 3.9kib4 39434N4 27.74N 407.UU 3,9730

STI)DLV ibb.7u 9d$b.4P *9658N 15.650 944.1h4
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Level 2

Lot B

Wafer 2

1.109 lub'd 98.29 bb.33M -b3.0$Am 6.85um
171b~ 10h.4 '1.4t, 71.44M -66.29A 6.7boh
172U 107.0 9b.59 64.4dm -19.13M 7.U5OM
1737 110.1 99.64 67.53M -b2.29m b.850N
11J4 l0b.0 9tO.19 bk.83M -76.55m b~bo0m

h6AIN 107.0u 98.39 b6.92M -81.86M 6.8j6Om
sTui.v 1.82V b!bb.3M 3*.371m 3.152p, 114.OU

Wafer 5

2!)11 115.1 101.8 b5.74M -81.37M 6.600Mi
2511 109.9 99.34 b7.02h -b3.67M 6.900M
2513 110.3 99.38 64.24M -79.46M 6.65SOm
2514 107.b 9V.10 b9.94M -110.lm 6.600h4
2515 IUb.7 9i.18 b4,bOM -102.7M 6155um

MEAN 110.0 99.36 74.35M -91.46A 6.660M4
STUDV 3.135 1.642 12,06M 13.9514 138.7U

Wafer 6
1601 104.5 97.b5 69.18m -b3.57m 7.IOOm
1b02 115.8 100.4 72.7bM -07.39m~ 6.950M
1b03 -117.5 108.3 b2.24M -1(J0.1t 7 .OSOM
lt,04 -111,1 107.u '/b,29 -92.90M 7.000m
lb~b 122.3 102.ki bb.Oe -b1.S1M 61950.

MEAN 21.b0 103.2 74.71m -o9.0914 7.01014
STi0.V 126.9 4.6k b6m 7.523m 6b.190

Wafer 16
3911 111.4I 9b.67 b3.07M -64.00M 7.050M~
3912 102.5 95.1U bb.1'~m -73.26m 7.2b0IA
3913 -LUb.3 112.8 73.89m -92.o6m 7.05014
3914 1odlo 99.03 b7.OOM -84.19m 7.OOOM
s915 109.4 Vb.49 b9,54M -73.22M 7.200M

Mt.AN, 64,9!) 100.8 62,33m -n77,35m 7.110K
STOOLV 9!5.77 b.863 66162M 10.90M 109.4u
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Level 2

Lot A
Wafer 71

SN AU AUL(L) Sk6+) SH(-) I5IN

3211 11111 99.4b 62.09m -77.15M b.OOM
3212 109,b 98.75 b7,05M -64.59M H.(50M
3213 106,b 9794b 46.92k -60.13$ d.050M
32116 1U3.3 95.b5 44.66M -bb.9M $.250M
3215 107,6 100.1 61.91M -78,75M 8.300M

M A1 101,b 98.2b 5b.53M -71.50M 8.130M

STUDLV 2.959 197b5 10.04m 12.23M 135.10

Wafer 76
3052 105.9 98976 47,38M -60,86M 7.4504
3055 107.1 97.5b 52110M -66.19K 7.350h
3064 104,9 96.67 47.87M -61.95 7,400U
3084 1V5,4 97.02 46.86M -59.01m 7.450M
3085 106.0 97.33 46.64M -59.19M 7.500m

MkAi 105.9 97,47 48,17M -61,56M 7.430M
SIUDEV t520.8i 7!Ob.9$ 2,246M4 2.807M 57.010

Lot C
Wafer 3

1301 b9.12 84,00 bb.39M -77.33M 5,400M
1302 811o b .3 82 64.45M -86.03M 5°550h
1303 U88.9 b4934 62,27m -83.91 5.3501M
1304 b66 U3.61 54.8bM -76.0714 b.bOO$
1305 90,19 85.44 bl,45M -b3,230 5.o00

MEAN 89.U2 d4924 59.g8m -b1.334 5.4bGM

STUDIV 74b.3 740o6b 4.00 4.370h 103,7U

Wafer 14
342U 891b2 64923 64.69M -90*24M 4.500U
3421 87.9b b2.78 40,13m -b3.7?m 2.22U0
3422 8ob.6 $3.71 6o.93m -79.93m 4.03OU
3423 89,9"1 b3o,9 61.41M -do.97M 4,170b
S444 90.14 84.4$ b2,4bM -ub,97M 4.446U

MEAN 89,27 $3.74 57.13M -81.58o 3,073U
b6D)kV 927,UM 6b3.8m 99911M 10*64$ 944,1N
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Level 3

Lot B

Wafer 2
SN VUS Ius lb ice it

170)9 blo.oU 3d4lop b.75ON 330.01) 4.76OJU
171a 72b,0Li 279.o&p 8.20ON~ 34k).ou 5.035b)
1720) 715.01) 2000OP 8.500N 335.01) 4.bb00
1731 46215U 379,oP i7tb5uO 3:W.0u 4.b751)
1746 527,.Uu 130.0p 7.0ONt 315.0U 4.30SU

ME~AN 651.YU 238.4P' b*03Ot(V 32eb.ou 4.651U
STDUe~V 14&0,2U 159.7p bb4,3P 8.216) 269.2N

Wafer 5
2511 1.83700M 43015P 7*2borv 2b0.00 4.5201)
2512 11.520m 23U,5? 9,ooom 345.Ou 4.5851)
2513 1.330M -100.5p 7o100N 300,ou 4.41uu
2514 -303.OU -173.ojp 5ob2bN 295.0%) 5.611)U

*2515 -9i0O.Ou -174.0p 5.bOON 290.01) 5.445U
MEAN 703.4U 44,30P 6.89bN 302.ou 4,914U

STDDP.V 1.aS5M 27b,lp 1.P428N~ 25.15u 5b6.5N

Wafer 6

160;d 780.OU .11Ujp 9i.60Qt 345.o 4. k 3o u
1b03 157.OU -19.0()p 4~oN 35~ .860U

M.~N 43.1) ?b.P *3bOO 335.ou 5.595(1

aer164 b3O

391 53.0) 91.? .445N 395.(Ou 5.1040U3140 17.(LUM 1810.0? 7.0f ou ~ o ii~o3915 935uo s.OO 7.bON 370.00 4.2701)

MEAN 94.60H 202.9? 7.220ri 33b.O)u 4.431b

ST9O1 29.50M 621,50P 407?O 37.OU 43.ON~191 1.105_________ 96Op 7b~N 35u 415



Level 3

Lot A
Wafer 71

Sh VUS lOS lb Icc 1

3211 .bk.5u 3. bdUh I 10. buN 400.OU 4.414kU
3212 655.Vu 3.295N 10.2014 410.0U 4.68$OU
3413 1.345M 1.4-I0N 7.90ow 405.00 2.u7ou
3214 19490M 875,OP b.650N 430.0U 2.49SU
321b 4b7.fjU 2.770N 10.50N 400.00 4.3800

MEAN "bi19U 2.39biN 9,210N 409.00 3.7670
UTDDE2V b2o'bO .15 1,7221Y 14.450 1.O0bu

Wafer 76
305.4 1.345M .- 26U.0P bIbON 340.00 3.0400
3055 I.075h" -SebOuN b.b70N 360.00 3.375'
3064 i*6bbm 9k9.50P 5.720tv 360.00 3.045U
3084 1.4bOM 131.5P !b,590N 346.00 3.0300
3od! I.405M 601.UP 5.345N 355.Ou 3.1050

MEAN 1,390M -I.646N b.697N 350.OU 3.119U
STL)D:V 213.3u 4.011N 296.2V~ 7.906U 146.1IN

Lot C
Wafer 3

1301 4.515M 1,025N 26,70N 355.00 3.020U
1302 3,945M 2.645N 32.10N 335.Ou 3.325U
1303 3.060dm 2*495tN 33.QON 335.00 3.305U
130 4,990M ilUb5N 27.b80N 370.u 2.6700
1305 4,095M 11980hi 29.60h 340.00 3.505U

ME~AN 4,125M4 2.200N 29.84N 347.00 3.205U
STUIiO 111.60 450,3P 2.701N 16.250 255,4N

Wafer 14
3420 50765m 4.26UN 33,25N 415.00 4.0600
3421 b.4bbm 4.84ON "~.30N 415.00 1.5550
34d4 b.71um 3,78ON 39.10N 360.00 3.6450
3423 5.495M 4o9bbN 40.40N 360.00 3.67bU
3424 5*495M 3oki95N 32.45N 405.00 3.9860u

MEF~ANi 50786M4 4,32N 36.70? 399.0b 3.3620
SE0DL)LV 39i8.9u 543.9VP 3.6b5ri 17.82U 1.037u
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Level 3

Lot B

Wafer 2
&Pe AUL AUL(L) sk(+) Sk(-) ISINK

1709 103,0 96.22 bb,46M -80,75M 6.300M
171d 101.5 94.29 b6,59A -63.98m 6.2004
1720 103.1 95.65 62.15M -17.14M 6.450M
1737 105,5 96.73 64,97M -79.93P 6.250M

174d 102.1 95.59 bO.b2M -76.35h 6.250M

Pie.Ai'4 1U3.2 95.49 b4.36M -79.63m 6.290M

STUOEv 1.479 879.5M 3.0961m 3.050A 96.18U

Wafer 5
2511 107.1 98.22 64.00M -79.70M 6.100P,

2512 104,2 95.8b 64.97M -81.290 6.400M

2513 104.d 96.05 62.07M -77.82M 6.100

1514 104.9 96.96 bb.45A -107.4m 611IOM

2515 103.5 94.91 81.66M -IUI.2M 6.050M

MEAN 105.0 96.40 71.63M -89.47M 6.150M
ST1JV 1.60U 1.248 11.33m 13.74M 141.4U

Wafer 6
1601 100.8 94.76 66.24M -60.68m 6.600M
1602 107,3 96.78 7U.35M -b5.54M 6.350

1b3 -130.9 104,b b0.30M -96.90M 6.550M
Ib4 -135.8 102,7 74.34M -90.61M b.450M
16Db 111.3 99.27 65.23m -80.23M 6.400P4

MEAN 1u.53 99.b l 71.29m -86.79M 6.470P.
bTDU)V 131,4 4.135 6.198 7.050 103.7U

Wafer 16
3911 105.0 95.50 51.43M -63.07m 6,600

3912 9b.52 91,92 b6.03M -70,85M 6.700M
3913 -109.7 104.6 71,17 -86.49M 6.600m
3914 105.2 96.37 64,73m -82.37M 6.50014
3915 103.8 94,80 56.96M -70.79M 6.650M

iMLAN 60.56 96.65 60.06 -75.11 6.610M
!,' STDLV 95.21 4.771 7.835M 10.171 74.160
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Level 3

Lot A
Wafer 71

SN AOL AUL(L) 6 (+) SK(-) ISINK

3211 109.0 97.71 b0.18M -74.4bM 7.50014

3212 107.u 96.97 64.24m -bl.blM 7.55104

3213 102.b 94.20 43.7bM -56.08K 7.400P

3214 99.92 92.75 40.87M -53.70M 7.700M

321b 105.4 98.00 b9.99 -7b.419 7.70M

MEAN 104.d 95.93 b3.681 -68.4914 7.570M
S 8TDULV 3,bo 2.324 10.614 12.144 130.4U

Wafer 76
3052 101.7 95.74 44.78M -6.82M 6.950M
3056 102.6 94.44 49.20M -63.07M b.9oo0
3064 100.8 93.41 45.25M -6b.OIM 6.850,

3084 101.3 93.79 44.15M -66.871* 6.95014

3085 102.1 94.33 44.11m -b6.50m 6.9501"

MLAN 101.7 94.34 45.50m -5b.25M 6.92014
STODEV 676,0M b85,8M 2.124M 2.752M 44.12U

i Lot C

k Wafer 3

1301 bb.29 b0.61 48.99M -70.30M 4.7601
1302 Ub5 1b 0.5 57.26M -79.38M 4.b0 04
1303 86,44 81.09 65.2bM -77.71M 4.b5O0
1304 851b4 80.12 47.86M -70.04M 4.85014
1305 87.14 b1.84 54.53M -77.33M 4.90UM

ALAN db.24 b0.8b 52.78m -74.95m 4.790m
STOUeV b18.3m 653.5M 4.118m 4.43bM 96.1U

Wafer 14
3420 d6110 80.41 57.94M -b4.65M 5,200M
3421 b4,67 79.13 27.01M -55.39M 5.500
3422 85,48 80.03 bO.45M -75.78 4.700M

3423 06,45 79.70 bb.13M -8224m 4.3501m
3424 Wb.49 b0.47 bbb2m -2.08bM 5.050m

MEAN d6.4 79.95 49.21M -76.03M 4.960M
STDU V 769.9 552.9m 12.70M 12.000m 446.4U
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Level 4

Lot B
Wafer 2

SN VOs 11)5 lb ILC 11

1709 1.lbom 291.15 11.65t 320.01) 4.6350
1118 1.0904 32000P 1U.lbNh 325.()U 4.8701)
172U 11095M lI,115P 11.35h 326.01) 4.4051)
1731 S10.01) 2b0.UP 10.25N 32G.Ou 4.35011
1448 k850.1)0 1311OP 9-ibbow 30b.01) 4.1)301

MEAN 999.00 lbb.4P IU.73N 319.00 4.458V
SiDDIEV 156.11) 107.4P? 810.6p 8.21bu .ilb.7N

Wafer 5

2511 2,145M~ 660.0? 10.20N 2b6.01) 4.3901)
2512 1*940m 3b2.01? 12.45N 330.OJ 4.4701)
2513 1.720M -168.01? 9.81)0k 280.00 4.2801)
2514 -109.51) -145b.5p 7.850N 2d5.01) S.blou
2515 -617.5) -112.51? 7.b!3N 265.01) 5.365U

MEAN 1.1)lbh 124§.2P 9.690k 289.01) 4.803U)
STDOEV 1.2biM 376.7P 1.9blN 24.34U) 585.4N

Wafer 6

1601 660.1)U 1.87514 14.25N 336.01) 4971SU
1602 1.155M -123.5P? 12.35N 340.01) 4.735)
1603 378.01) 27.oup 9,20ON 330.00 5.440U
1604 965.01) -277.51? 9.b00ev 330.01) 4.9606
ibob 532.51) -23.001? 10.65N 316.01) 4.605U)

MEANw 738.11) 29b.bp 11,25N 330.1. 4.8911)
STLUUEV 317.bu b9co.61 2.054N 9.354) 332.9N

Wafer 16 b. 37U
3911 1,57uM 63.501? 9.35IN 35.1 374)
3912 1.655m 415.51? 10.90k 370.01) 3.8851)

3913 806.01) 710.OP 9.70UN 386.01) 5.0961)

3914 1,705M4 26ks.5P 9,7bON 316.01) 4.5651)

3915 1.370M4 184.UP 10.15N 370.01)U 4.1101)

MEAN 1,421M4 332.3P 9.970ti 373.01) 4.2791

5U.V 387.31) ;47,9P !591.2P? 7.bti3 b52.7h
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Level 4

Lot A
Wafer 71

814 VIus 16 lb ICC I

3211 7bO.0U 3.690N 12.90iv 396.00 4.0000
3212 900.00 3*04514 11,15N4 40!5.OU 4.32OU
3213 2.170,4 1123ON 91900h 396.00 2.195b
3214 2i.475m 10130N 8095ON 425.00 1.83Ou
3215 850.Uu 2.355N 11.9bN 400.00 3.9100

MEAN l.429i 2.270rg 10.97N 404.00 3.251U
SXDEV~ t24.SU 1108itiN 1.577N 12.45U 1.14bU

Wafer 76
3052 1.9SOM -38970NJ 601001Y 320.00 2.565U
3055 14650m 2bb.QP 7*7bQiv 346.00 2.850LJ
3064 2o270M -51e45N 7.70oor 340.00 2.535u
308'i 2.080M 19b.bp 7.7001i 34b.00 2.4600
3005 1,940M -2b.50tv 7.200N 340.00 2.6300

hEAN 1996b4 -23,64N 7*69ON 338.00 2.56b0
STUDEV 230.10 2.3.2bN 3io.%P 10.37U 153.6h1

Lot c
Wafer 3

<~11301 51900M 3.O10ty 3214ON 350.()U 2.4060
1302 5*37o0i 4*100N 39.35N 336.00 2.675U
1303 4.350M 2.99ON 39.00N 330.Ou 2.67b0
1304 b.665M 3,195N 34.UOtN 350.00 2.320U
1305 b.470M 2,775Ni 35,5UN 335.0u 2.955U

14CAN 5.661m 3.214w 36.05N 340.00 2.6060
STUI.JV 643.3u 517,2F 39059N 9.3540 251.6N

Wafer 14
342U 7,,715m b.39uN 41.uON 400.00 3.6000
3421 b.94b>M 6.b~uiv 4b.251, 410.Ou 1.Ob860
3422 7,570M bo440N 49.OON 365.00 3.235U
34;13 7,355m 7.700N 5U.60rN 365.00 3.1900
3424 7,395M b.SSON 40.80N 395.00 3.535U

MEAN4 7,79b4 69536N4 45,57h 3bb.OU 2.929U
STDDF.V bbb.2U 811b Cbb1N4 23.72U 1.04b0
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Level 4

Lot B
Wafer 2

SN AUL AUL(L) bR(+) SR(-) ISINK

1709 98.o0 91.64 62.14M -77.14M 5.550m
171t 91.b1 91.10 4.97M -80.75M 5.bOO0

1121 y$.61 91,94 bb.3*M -73.49M, 5.800K
1737 100.4 92.79 61.27M -76.74 5.tOom

174$ 981 92.22 57.39M -73.14M 5.b001

MEAN 98,86 91.94 60.b2h -76.25M 5.630h
ST'0EV 954.4M 633.M3 3.04114 3.1044 97.47U

Wafer 5
2511 102.7 94,34 b1.19M -77.27M 5.400k
2512 99.25 91.b7 60.74M -7b.72m 5.75004
2513 100.3 92.20 bb.b2M -74.43M 5.300M
2514 0I1.b 94.01 b3.104 -103.3m 5.350
2515 IU000 92.04 77.57m -96.73M 5.25bu

MEAN lU .7 92.89 68.2bM -bb.08m 5.410M
STUDuV 1.35b 1.183 11.21m 13.00m 19b.1U

Wafer 6
1601 97.03 91.42 63.29m -79.34M 5.900M
1b02 100.9 92.28 67.01M -82.37M 5.5b6u
1603 115.8 99.84 76.63m -93.06M 5.900m
lbO4 110.9 97.99 70.61M -86.63P 5.800M
lbOb 104.1 95.07 62.b9M -77.32M 5.700M

MkAN 105.1 95.32 b6.03 -U3,74M 5.770m
STUUEV 7,Sul 3.b06 5,782p 6.271im 148.3U

Wafer 16
3911 9b.90 91.06 48.92M -b0.39M 5.950M
3912 94,52 b8.41 52.90m -67.79M 6.00M
3913 -129U. 9ae54 67,53m -84.71m 5.950m
3914 lOU.d 92.85 61,48M -79.7bM 5.bo0
391b 90.65 90.92 54.42m -6b.63 5.950

1' MIAN 52.71 91,36 57,05m -72.26 5.930M
STDUEV 101.6 3.802 7.409M 9.bi5m 75,83U
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Level 4

; Lot A
LoWafer 71

SW AUL AU~(L) Sk(+) SRi-) IbINK

3211 101.t) 93.3b 5b.87M -70.bSm b.650m

321i 101.to 93.36 *0.39M -77.84M 7,uOuM
3213 95.81 b9.34 37.30M -50.23M 6.850M
3114 93.94 86.lb 33.IbM -47.43M 7.100m

* 321b 99.bb 93.77 55.51m -72.64M 7.150M

MEAN 98.51 91.60 48.45M -63.80m b.990M
sI'D tv 3.48b 2ob41 12.30M 13.9414 138.7U

Wafer 76
3052 97.11 91.61 40.b2M -53.l1m 6.350M
305b 97.b2 YU.59 45.15A -58.7bM 6.2bOm
3064 96.( b 69.69 41o044 -b3.b9m 6.250F
3084 V6.38 89.95 39.44M -52.0b 6.3#00
30b 97.21 90.b2 40.07M -52.36M 6.350M

MEAN 96.8b 90,47 41.30M -54.U2M 6.30uk
SfED.V bO0914M 740.0m 2.240M 2.745M 50.OO

Lot C
Wafer 3

1301 84.14 77.97 42.16M -64.00M 4.250P.
1302 83.74 78.04 49.01m -72.72M 4.200M
1303 b4.55 7b.60 47.b2m -70,4m 4.150M
13u4 83.41 77.52 39.86M -b4.44 4.400M

* 1305 84."0 79.03 4b.63M -71.97h 4.350m

MEAN 14.14 7b.23 4b.51M -68.79M 4.270M
ST.1)EV 57.014 687.0m 4.2014m 4.229M 103.70

Wafer 14
3420 d3.34 77.2h 51.45 -79.86h 4.650M
3421 81.b4 76.09 14.29m -47.92M 5.000h
3422 82.86 77.08 46.24M -72.03M 4.25014
3423 83.49 'i6.5b 48.bbm -76.6SM 3.950MI 3424 83.63 77.40 49.78M -7.650M 4.550M

MEAN b3.04 76.86 41.80A -70.83 4.460M
STUDV 12.6m 642.5m 1.b9m 13.12M 399,4U
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Level 5

Lot B
Wafer 2

SN VUS 108 I ICC 11

1709 1.575Mi 312.5? 14.70N 310.00 4,40011
171b 1.515Mi 215.5? 14,05N 310.00 4.635L
1720 1.bbtim 105.0? 14.45N 330.00 4.1400U
1737 1.220M 367.5P 13.15h. 300.00 4.060Li
1748 1,295M 70.00? 12.35N 295.O0 3.5b00

MAN 1.431M 214.1? 13,74W 309.00U 4.159U
bSiL)4v 162.0U 12b.3p 97419P 13.42U 404s2N

Wafer 5
2511 2.475M 920.0P 12.80w~ 280.00 4.135U
251~? 2.605tM 660.0?P 1b.85N 325.UU 4.1bou
2513 2920!)M -43.00? 12.40N :Ibo.uU 4.120U
2514 145.50 -52.QuiP 10.25N 280.00 5.3b5U
2S15 -311.50 -Th.5up 10.05N 265.OU 5.2100

MEAN 1,424M 2bI.3P 12.27N 28b.OJ 4,606U
S1'0UtV 11392M 473.6P 2.3b2N 22.7bU 634.7ty

Wafer 6
1601 1.1SUM 2.3buN 17.75N 325.00 4.4b00
1602 1,695M 11.00P 15.90N 330.00 4.5900
160.3 Obb.uu 59.50? 11.95w~ 320.00 5.3boU
1bO4 1.350M -283.5. 12.501w 320.OU 4.b200
1606 980.Ou 101.0? 13.65N 310.00 4.4000

M6AN 1.166M 449.6p 14.35N 321.00 4.7300
STDE 390.4U 1.079N 2.431h 7.416U 366.ON

Wafer 16
3911 2,470M 316.0? 12.2014 365.00 3.3100
31912 21540M 645.0? 13.95N 360.00 3.4900
3913 1028OM 130.OP 12,20N 3b0.00 4.87SU
3914 2.300M 536.5? 12,60N 355*OU 4.275U
3915 2.415M -1.860N 10.70Nw 365.00 3.855U

MEAN 29201A 85050F 12,33N 365.OU 3,961U

STOI)EV 522.3U 10096N 10161h 9.354U 630.6th
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Level 5

Lot A
Wafer 71

SN VuJs 10 1 idCC I I

3211 1,240M 2,980h 14,40h 385.00 3.525U
3212 1.52um 3,u(JbN 14.30N 395.U0 3.b750
3213 3.125M 1.645h 12.35h 385.00 I.720U
3214 3.blum 1.515N 11,60N 410.00 1.3200
321b 1.500m 2,025N 14.80N 385.00 3.420U.

Mk Ar 2*211m 2,234N 13.49N~ 392.uU 2.772D'
STUL)EV 1.1ubm 717.4P 1.421N4 101961J I.1b4U

Wafer 76
3052 2.6104 330.1Up 10.bOw 305.00 2.085U
3055 2,420M -62.10N4 10.30N 325.OU 2.3100
3064 2*970m 31615P 9.90ON 335.Ou 2.070U
4084 2s9b5r4 512.OP 9.bOON 336.00 1.ts75U
3085 21610A b4b.vP S0.600h 335.00 2.0200

MEAN 20125M -12,02N. 10.04N 327.00 2.072UJ
STDDI).V 235.7U 2b.00N 40J3.7P 13.04U lb6.bfN

Lot C
Wafer 3

'i 11301 7,75M 4969ON 36.OON 335.00 1.885U
P13U2 7*43UM b.300iJ 45.bOi 3;10.ou 2,11CU

1303 o.32(,M 4.670N 45.10N1 330.OJ 2,045U
1304 69810M bo095N 39.55N 340,UU 1.845U
130!) /196m 4*965N 43,15N 325.00 2.45011

MEAN 7o526M 5.144N 42.28N 330.UU 2.067U
STDDEV 696.3u 67101P 3,373N 7,906U 240.5Nv

Wafer 14
3420 10.20M 894S0N 50.0014 390.00 2.99uU
3421 12,05M 11*20N 55.40N 4109OU 795.0k
3422 99530M OON 5b.50k 360.00u 2.8200
3423 9,440K 10.15. 69.20N 360.OU 2.715U
3424 9.78bM H.400N 47,b5h 380.00 3.025U

MEA14 10.20k 9*370N 53.79N 380.0U 2.4690
STUDIEV 1,075M 1.251N 40713N 21.21U 944.3N
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Level 5

Lot B
Wafer 2

SN AUA AUL(b) Sk(+) Sk(-) ISIiK

1109 94b9 b815 bb,94h -73.85M 4.900M

1718 93,97 87.7! 61.49M -77.14M 5.000m

1720 94.61 88.34 54.80M -69.10M 5,100M

1737 96.03 89.12 57.20M -72.30M 4.950M

1748 94.79 8b.60 52.61M -68.02M 4.950m

,4EAN 94.8u 88.39 57.O1M -72.06M 4.9bOM

STDDk V 754.21M 510.3M 3.465M 3.b81v 75.53U

Wafer 5

2511 98.59 90.98 56.32m -71.93M 4.850M

2512 94.b 81,85 54.92M -72.38M 5.100M

2513 96.22 Bb.54 54.35M -69.36m 4bSAO,

2514 9b.41 91.10 77.7bm -98.26h 4.750m

2515 97.13 t9939 72.44M -92.87M 4,650m

MEAN 9t.98 19.57 63.1bM -80.96M 4.8001

STUDEV 19668 1,446 11.09M 13.52M 1b7.IU

Wafer 6
1601 438b5 8b3b b9.33m -74.90M 5.250M

1602 95.72 88.13 bI.91M -77.32M 4.b504

r. 1603 105.3 95.55 72.71M -b9.20M 5.250M

1604 102.3 93.34 6b,22M -82,46M 5.150M

160b 98.52 90198 57.95M -73.26m b.ob5o

MEAN 99,13 91.21 b3.b3m -79,43M 5.11014

SfDULV 4,b7 3.202 5,979M 6476M 167.3U

Wafer 16
3911 93.14 80649 44.2kM -56.24m 5.350M

3912 90.Ub b4.87 48,27M -63.53M 5.400M

3913 104.3 92.27 61.48M -79.27M 5.300M

3914 95.20 u$.52 56.24M -74.53m 5.20UM

3915 93,35 6b,58 4.20m -b3.29A 5.350m

I ']MEAN 9b.38 b7.75 51188M -67.37M 5,32014

STDDkV 5,23V 2.842 6.892M 9.329M 75.63U

106



Level 5

Lot A
Wafer 71

SN AOL AUL(L) SR(+-) ISINK

3211 9b.58 b9,63 51.55M -65.73m 6.300H
3212 96,82 89.81 55.87M -73.22h 6.350M
3213 91.16 05.40 29.16M -44.20M 6.200h
3214 89.53 b4.12 24.27M -40,00M 6.500h
421b 95.26 89.97 bU.91M -67.54M 6.550M

MEAN 93.b7 8779 42.36M -58.14M 6.380M
STUD.V 3.323 2.800 14,51A 14.97M 144.00

Wafer 76
3052 92.84 67,77 35.71M -48.31M 5.700M
3055 92.81 86.73 39.91M -53.33M 5.650
3064 91.9b 86.22 36.07M -49.66A 5.bbfOk

3084 91,b3 86.12 32,52A -46.31M 5.7j0OK
3086 92.76 86.85 34.29M -47.56h 5.700k

MEAN 92.44 86,74 35.70A -49.03M 5.680m
STODhV 491071M 657.14 2,738M 2.692m 27.39U

Lot C

Wafer 3
1301 U8,27 75.53 32.18 -57.86M 3.850M
1302 82116 75.63 37.58M -64.49M 31800m
1303 82.U5 76,23 3b.OOM -63.56M 3.750M
1304 81.26 74.86 30.41M -57.30M 4.050H
1305 82.71 76.35 40.184 -65.81 31900h

MEAN t2.25 75.70 35.27M -61.89M 3.870M
STD:V 616.11 bu3.2M 3.974M 4.014M 115.1U

Wafer 14
3420 80.46 74,04 43,01M -72.85M 4.200M
3421 7,76 72.88 3.117M -39.4M 4.650
3422 d005! 74,36 39.b3M -68.03 3.900m
3423 80.77 73.61 40.77M, -71.17M 3,650M
3424 8.002 74.31 42.04M -71.17m 4.150M

MEAN 80.27 73,84 33.69M -64.55M 4.11014
STI)0V 85b.314 612.0M 17.14M 14.094 373.20
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Level 6

Lot B
Wafer 2

614 V06 1US Lb Icc I I

1,109 21205A 432.OP 17.40N 310.00 4,010U

171$ 126165M 440.5P 16.7bii 305.OJ 4.2200
1720 2.290M 472,OP 1.0 315.00 3.10
1737 118!i6m 670.0p? 16,05h 2965.01 3.64011

a14d 1.9151 71.50? 14.boif 295.00 2.915U)

mEAq~ 2.0$tm 417.2P? lb.54N 304.OU 3.695U
STV)UtV 19011 216.3P? 1.1621t 8.944U 497.3Nv

Wafer 5

2511 ;9094!)M 1.145N 1I.IU0N 270.0u 3.020U
2512 3 0 2brm IeV45 19, bui 320.OU 3.b6010
2513 2.8551 164.5P? 15.45N~ 265.OU 3.8d00
2514 520.60 -829O0P 12.6014 275.00 5.2250
2515 b3.QbU -393.5? 12.bON 255.00 5.070b

MEAN 1,91dom 375.8? 15.19N 277.00 4.371U
ST0DDLV 1.575mI 686.61 2.847N 25.lbu 711.3tv

Wafer 6
1601 10910M 3013ON 21.85N 335.00 4.0660
1602 2e5dOM 502.0? 20.O4JN 320.00 4.315UII1603 1.07bM 2b3.01? 14.85N 315.00 b.11O0

1b4 .89bM -23bOP 15,95N 315.00 4.5600
1606 1.590M 33b.OP l6.9!)h 30. 436

MEAN 1.010M b17.Op 17,92N 317.OU 4.437U
STO0Ev b47.40 19377w 2.916N 12.550 422.1h

Wafer 16
3911 305bom 90510? 15.30N 345.00 2.6350
3912 3,635m 19U45N 17,b51w 350.00 2.9100
3911 1*9801 995.0? 15.30Nw 3tI0.00 4.67SU
3914 3,120A 145.01? 15.75N 355.00 4.105U
3916 30215M 67o.op 16.30Nd .360.00 3,545i0

MCAt4 i*104rm b72.oP 16,06N 358.00 31614b
S$EV 664.4U 1b1I.b& 979,4? 13.51U 766.5Nw
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Level 6

Lot A
Wafer 71

SN VOls 106 Ib Icc 11

3211 ;I.0b0M 2.945N lb.9ON 385.OU 2.88511
3212 2,355M 20000N 17.70N 390.00 3.295U1
3213 4.790M 572.,OP 14.75Nv 385.00 1.1451
3214k 3.685M 15.1UN 14.65N 40b.UU 925.ON
321!) 2939bM ;1.330N 17,45N 385.Oo 2.84011

PiCAN 30061M 4.5k9N 16,29N 39Q.Qb 2.21811
STVI)EV 1.149M *940N 1.4811N 8.66011 1.u97U

Wafer 76

3052 s7u0oi 9t0. Op 13.b5N 3 10).00 1. 59(U
31155 3.b70M -14.bON 13100N 330.011 1.7151
30b4 4*22014 -22.60N 12.50ON 330).01 1.4bOUi
31184 4.400M4 910.OP 12.45N 330.OU 1.26611
30136 3.9$!)m 1,.055N 12.10N 3i5.ou 1,34511

ME~AN 3.99114 -6.053N 12.74N 325.00 1.479U1
ST~uLV 34 2a;U 11*09N 601.5p b.o601 Ib1.5N

Lot C

Wr1301 9.53014 b.380N 44.USN 335.011 1.bbou

1302 9e115m' 7,95tN 52105N~ 315.011 1.70011
1303 1,92014 6.10014 bk.354 310.011 1,6951
1304 10.7014 6.65014 45.70N4 335.00 1.49011
13ub 8 $.ium b.55UN 4b. 7biv 320.011 2.0151

MEAN 9.d49M 6*bdbN 48.58N4 32,3.0 1.6I921
STO)Wtv 1.00614 E19.9P 3.7111Y 11.6111 201.6h

Wafer 14
3420 12.40m~ 11.35N4 57,15N4 38011U 2.58011
3421 11.15M4 11.05h. b4.05 366.011 2.50011
3421 11.404 1118514 b1.904 360.01 2.63011

3423 11.354 12s5.iN 66.6014 360.011 2.36011I3424 11.9514 10.154 53,95N4 380.00 2.5651
ME~AN 11.654 1118N 60.73N 367.00 2.507U1

STDDC.V 513.611 b59,9P 5.1394 12.04U1 87,96h4
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Level 6

Lot B

Wafer 2

1109 90,87 84,68 53.30M -68.59 4,350to
1718 9u.o6 t4.55 5b.72M -71.44A 4.500M

172u 9u.30 84.52 49.57m -64.00 4.50U1
1737 92.14 Ob.43 52.01M -66,22M 4.350M
1746 91.0b 85,Ub 46.86M -61.29M 4.350M

AEAN 91.07 b4.86 51.49M -b.31M 4.410M
STOOtV 62:.314 3b9.bm 3.409M 3.9391A b2,16U

Wafer 5
2511 94,33 07.31 51.64M -67.11m 4.300M

2512 90.11 83,73 60.41m -67.98 4.500N

2513 92,31 d4.77 49.86M -65.51m 4.00014
2514 9b,Ob 67.93 72.59A -92,99m 4.100M

251! 94.14 W0.51 b".95M -bb.04s 4.050m

MEAN 93.19 8b,05 56.1*9M -76.33m 4.190M
ST tDkV 1.996 1.bb 10.90M 13.1014 207.4U

v IWafer 6
1601 90,27 4.dV 53.94M -69,68M 4.700m

lb02 90, 07 63,77 5001M -72.03m 4.300?*
Iu03 99,17 91.14 67.00m -b3.bbm 4.700m

1004 9b,09 b,83 61.48A -77,90M 4.600M
1600 93.7b $6,95 b2,7o1 -67,79M 4.5000,

MCAM 93.99 b7,10 b.25m -74.26m 4.560h
&rM tvv 3,747 2.987 5.924M 6.b881 167.3U

Wafer 16
3911 ,2*o 62,uo 39.021 -51.39 4,,700M
3912 dbb2 80.84 42,90m -57.93m 4.750

a 3913 9,01 b7.20 6077M -73.611 4.6b01

3914 9U,85 b4,53 b1.78 -69.70m 4.bOOM

3915 dd.5o 8226 44,73M -58.52M 4.700M

MEAN 90,06 63.38 47.04M -b2.23m 4,6801A
SeJkV 3.051 2.516 711014 9,15414 57ulU
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Level 6

Lot A
Wafer 71

8N AUL AULCL) SM(+) SR(-) ISINK

3211 91.75 85b4 44,99M -59.1bg 5.7bv

3212 92.01 85.85 bO.08M -b6.57M 5.800M

3213 86.34 81.21 1971m -35,54M 5.70m

3214 d4,Tb 79,83 15,55M -33,41M 5.9001A
3215 iU.b1 85b.7 45.41M -61.18M 5.96M

m6AN 8.10 b3.b 3b.15M -bl.17h 5.b20

bXfv)0V 3,J2! 2.926 1bolM 15.1 50M 103.7U

Wafer 76
3Uo! 8U.25 b3.61 27.78m -43.86M 5.200M
3Th5 8i.33 2,64 31.,29M -46.61M 5.100u1
3064 7.54 b2.10 26.5m -41.89M 5.11)014
3084 87.15 81.76 22.09M -37.24. 5.lbOM
3ut 87,9' 82.41 24,37m 38.33m b.l OM

MEAN 87.8b 6;.50 26.42M -41.59M 5.140h
S'1 DUV 49/1.9 703.8M 3.4b4M 3.873m 41.b30

Lot C

Wafer 3
13cl 80.16 73.19 23.9bM -b.06M 3.6550,
1302 b0.00 73,11 28.12M -58,7bm 3.5004
1303 80.78 73.85 27.17M -5b.61m 3.500M
1304 79.07 72.49 22.54M -52.10M 3.750M
130! bU.64 73.90 32.92M -60.47m 3.6001

MEAN bo,13 73.31 20.94M -55.8014 3.580m
STUoEV 674,9M 5bb.m 4.04b 4.102m 103,70

Wafer 14
.420 78.13 71,63 3b.94m -68.24m 3,850m
3421 7d,4'1 74919 34.i2M -64.00 3.7000
3422 7d.33 72,e: 33.09 -b4.0 3.tO014
3423 70.34 71.31 33.37m -b.Obh 3.450M
3424 7.30 71.7b 34.89M -6b.82 3.b504

M.AN 78.3;2 71.83 34.26m -65.62A 3.730m
b'IuL~w 122e24 394.7m 1.1064 115 bm 1b.1U

-, .
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Level 7

Lot B

Wafer 2 I,.V

5I~ Vus Lus 16 I'

1 109 3.,61514F 1. 2801 21,85N4 31U.00 3.305U
1718 3.540M 995.up 20.bSN 300.GU 3.4456
1120 3194!)M 1.335N 22.UOW~ 31O.00 2.b2U0

1731 30.4ObM 1.21514 19.904 290.00 2.7000

174d 3.295m b33.SP 18.7bN 2bb.0U 1.90b0

MEAN je~t 11092N 20.634 299.00 2.835U

STUUEV 297.b0 2V6.9p 1.363N 11.400 607.5N4

Wafer 5
1601 316011 4.51014 26.50N 326.00 3.235Ui

1602 1. 550A4 1.$75N ;J5.10N 320.00U 3.795U

1603 1.84014 90010P 19.50N 31O.Ou 4.7400

1604 3*Q4b14 440.bP 19.b54 310.00 4.08511

Ibub 2,b20M 19255N 21.90N 300.00 3.3950

MEAN 3,171M4 1,7964 22.57w 313.00 3.8500

STDEIV 999.DU 1.bQ6Iw 3,12714 9.747U 599.1N4

Wafer 6
2511 3.5$OM 1.63UN 1b.4000 270j.0 U 3.3401'
2512 4.8254 1.Jbow 22.bU[V 315.00 3.34511

2513 3.670h4 342,01? 17.65N 2b0.00 3.575U

2514 976.0 1o.UP 14.5014 k45.00 4,9000

STOEV 1.94314 08,$4P 3.3801241U 8 .0l

Wafer 16
3911 6.5704 2.2254 19.b01v 345.01) 1.7550
3912 61255M 2,395Na 22,. N 345.01) 1.916Le
3913 3.495M 1,680N 19.6514 360.00 4.3100
3914 %.4.83OM1 1.65014 19.801 345.00 3.SboU
3915 5.555m 29165(Y 20.90N4 360).00 2.8860

MEAN 5,341M' 2902314 20.544 351.OU 2.885UU, STDOEV 1023114 331./IP 1.34514 b.2160 1.Ud4t
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Level 7

Lot A
Wafer 71

SW Vus ±115 iCC 11c

3211 4.ObUM 3.6bf 20,35N 375.OU 1.9351
3212 4.100M 3.b3bw 20.35N 314b.OU 2.275U1
3213 8.3bbm 3.b65N 18.65N 380.011 645.Oh
3214 111.2014 3.,89014 17.bOw 4110.01 450.0w
3215 4,515M 3.165N 21,05N 380.1O1 1.81101

MEAN 6125;01 3.622N4 19.6414 384.011 1.42111
S1'i)VV 2.8514M 267.4P 1.3571% 9.61bu 8lb.9N

Wafer 76
3 0!), b*410i lo925N 18.10N 300.UU 810.Oi
305b bbbM -3.b2bN 17.30N 320.011 890.0Ni
3Ob4 !).355r -33,90N 22.30h 325.uu 810.ON
.S114 1,460M1 6.SOON lb.OON 320.011 625.0h
3ud!b 7.odum -bb,90N 16.11)1 3211.O11 700.0w

MELAN bob74M -19.0014 17.964 317111 767.tOe
STUuE~v 799.111 311.601 2.51814 9.7147U1 104.3h
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Level 7

Lot B
Wafer 2

SV AUL AUb(L) Sk(+) SR(-) ISINK

1709 Bb.09 79.96 44.39M -59.16M 3.850M
1710 db.94 0u.ub 4b.72M -61.71m 4.05014
1720 db.30 79.41 40.52M -54.34A 4.000M
1737 b. bb 80.3$ 42.20M -55.74K 3.850M4
174b 8b,15 $0.25 34.32M -49.09M 3.900M

MEAN bb.u3 $u0u1 41.b3M -56.01M 3.930M
STiDO.V 45,4M 374.4M 4.703m 4.b25 90.83U

Wafer 5
2511 9u,86 83.91 4b.96M -61.17M 3.850m

2512 85.81 79,b1 44.28M -bl.381 4.000M

2513 8b.b3 U1.15 45.04m -60.73m 3.450M

2514 92.22 d4.95 b7.10M -86.67M 3.600M

2515 91.22 b3.79 b3.SOM -82.65M 3.55014

MEAN 89.75 82.6b 53.3bM -70.52M 3.69014

SlD0kV 2.5b2 2.216 11.00m 12.99k 227.5U

Wafer 6

1601 84.83 79.46 43,59M4 -50.54M4 4.200M4
1602 84.14 77.b3 4b.21M -61.70h 3.650m
160 92.57 85.09 57.56M -73.89M 4.05014

1604 $9,20 b?.92 51.59M -67.79m 4.000
,bub b8.01 81.47 44.11M -59.16M 3.850M

MLAN b7.75 $1.47 48.61M -64.22m 3.950M

STUUEV 3.427 3.050 5,919M 6.528M 209.20

Wafer 16
39,L1 u0.95 75.43 269050 -40.65M 3.9501s
3912 0.076 75.22 29.69m -4b.74 4,0504
3913 7,21 $0.39 40.41M -65,46M 3.900u
3914 04.55 7b.71 43.74M -61.28m 3.850m
3915 b2.11 7o.31 3 .3VM -b0.46m 3.950M

MCAN V3.13 '17.21 3b.,8 M -5292p 3.940
STUuKV 2,761 2.254 9.30bm 10.27M 74.1bU
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Level 7

Lot A
Wafer 71

6iN AUL AULdL) bk (+) S() lld

3211 d5.11 79.b9 31,64% -47.690 5.050M
3212 8b.74 U.21 37,90M -54.11m 5.100M
3213 '19'b2 7b.0 3.291M -21.97hb.0bOM
3214 71,89 73.39 bob.OM -19.36M 5.25WA
32 1b 84. 3J 79.se 30.36M -47,78M 5.300k

MEAio C1. 58 '17.b5 142.2m -3b1.19m' S. 15(DA
STUDO 3.606 3 .1bb lbO.7M 1b.22k 117.3u

Wafer 76
3052 U1.91 "7.45 12.60M -28.03M 4.550M3055 81.42 7b.30 14.61M -32.41P 4.4b0I3064 80.77 75.93 11.79M -2b.bbm 4.550M

30b4 19.9w 75.13 7.642M -22.29M 4.b5UM
308b blu3 7b.O6 9.7u2m -24.37M 4.500F

MLAM d1.02 7b,18 h1.31m -27.15m 4.520A
STDO)V 723.2M 3i.lim 2.71UM 3.942M 41.b3U

I
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